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ABSTRACT 


DETERMINING  ORGANIC  VAPOR 
CARTRIDGE  BREAKTHROUGH 
CHARACTERISTICS  OF  JP-8  DURING 
AIRCRAFT  FUEL  TANK  ENTRY 
OPERATIONS 


by  Kevin  W.  Culp 


This  study  assessed  the  service  life  of  organic  vapor  cartridges  exposed  to  Jet  Propulsion 
Type  8  fuel  vapor.  Two  experiments  were  conducted  that  involved  exposing  45 
cartridges  to  three  challenge  concentrations  (300,  600,  and  1200  parts  per  million)  of  fuel 
vapor  and  two  relative  humidity  levels  (50  and  80  percent).  The  impact  on  service  life  of 
(1)  high  relative  humidity  conditions  and  (2)  prior  static  exposure  to  fuel  vapor  were 
evaluated. 

This  study  concluded  that  the  80  percent  relative  humidity  test  condition  had  a 
statistically  significant  effect  on  breakthrough  time  versus  the  50  percent  relative  humidity 
condition,  reducing  service  life  by  as  much  as  60  percent  at  the  lowest  challenge 
concentration  tested.  However,  this  effect  was  not  statistically  significant  at  the  highest 
concentration.  Prior  exposure  to  fuel  vapor  also  had  a  statistically  significant  impact  on 
service  life,  but  the  shift  in  breakthrough  time  was  minimal  and  would  have  a  minor 
impact  on  cartridge  change-out  schedule  planning. 
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ACGIH.  American  Conference  of  Governmental  Industrial  Hygienists,  a  professional 
organization  devoted  to  the  administrative  and  technical  aspects  of  occupational  and 
environmental  health. 

AFOSH.  Air  Force  Occupational  Safety  and  Health  program.  By  Executive  Order 
12196,  the  Department  of  Defense  is  responsible  for  establishing  a  Safety  and  Health 
program  that  meets  or  exceeds  federal  OSHA  guidelines.  The  AFOSH  program  is  the 
Air  Force’s  implementation  of  that  requirement. 

Air  Purifying  Respirator  (APR).  A  device  that  allows  a  worker  to  breathe  ambient  air 
that  has  been  cleaned  of  hazardous  substances.  Cartridges  or  canisters  remove  the 
substances  through  a  variety  of  mechanisms.  With  organic  vapor  cartridges,  adsorption 
of  the  vapors  is  the  primary  mechanism  used. 

Breakthrough.  Permeation  of  a  hazardous  substance  through  a  respirator  cartridge  or 
canister.  Breakthrough  is  typically  defined  as  a  fixed  concentration  or  a  percentage  of  the 
challenge  concentration  being  drawn  (or  pushed)  through  the  cartridge  or  canister. 

CFR.  The  Code  of  Federal  Regulations  (CFR)  is  a  codification  of  general  and  permanent 
rules  (regulations)  that  have  been  previously  published  in  the  Federal  Register.  The  CFR, 
which  is  compiled  by  the  Office  of  the  Federal  Register,  is  divided  into  50  titles,  which 
cover  broad  areas  subject  to  Federal  regulation. 

Challenge  concentration..  The  amount  of  vapor  present  in  the  air  stream  being  fed 
through  a  respirator  cartridge  or  canister.  This  is  usually  defined  in  terms  of  parts  per 
million  (ppm)  or  milligrams  per  cubic  meter  (mg/m^. 

Committee  on  Toxicology  (COT).  A  group  within  the  National  Research  CouncU’s 
National  Academy  of  Sciences  that  is  tasked  with  assessing  toxicity  associated  with 
hazardous  substances. 

lERA  Institute  for  Environmental,  Safety,  and  Occupational  Health  Risk  Analysis. 
lERA  is  a  U.S.  Air  Force  institution  headquartered  at  Brooks  Air  Force  Base  in  San 
Antonio,  Texas,  providing  occupational  health  and  environmental  risk  support  to  the  Air 
Force  community. 
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Immediatety  Dangerous  to  Life  or  Health  (IDLH).  A  concentration  of  a  harmful 
substance  in  air  that  poses  a  threat  which  would  be  likely  to  cause  death  or  immediate  or 
delayed  permanent  adverse  health  effects  or  prevent  escape  from  such  an  environment. 

Jet  Propellant  Type  8  QP-S).  A  type  of  aviation  fuel  frequently  used  in  military  jet 
aircraft,  similar  in  composition  to  Jet-A  fuel  used  in  the  commercial  aviation  industry. 

LPM.  liters  per  minute. 

mg/ m^.  Milligrams  of  a  substance  per  cubic  meter  of  air,  an  expression  of  vapor 
concentration  in  mass  per  unit  volume.  For  JP-8  jet  fuel,  one  mg/ m^  is  approximately 
equivalent  to  0.14  parts  per  million  ^pm). 

National  Institute  for  Occupational  Safety  and  Health  (NIOSHl).  A  national 
organization  within  the  U.S.  Centers  for  Disease  Control  and  Prevention  that  conducts 
health  and  safety  research,  recommends  standards,  and  regulates  certification  of 
respiratoty  protection  equipment. 

NRC.  National  Research  CounciL 

Occupational  Exposure  Limit  (OEL).  The  U.S.  Air  Force  limit  for  airborne 
concentrations  of  a  substance  for  a  specific  period  of  time.  The  term  OEL  includes  aU 
time-weighted  averages  (OEL-TWA)s,  short-term  exposure  limits  (OEL-STELs),  and 
ceilings  that  apply  to  a  substance.  OELs  apply  to  occupational  exposures  for  each 
individual  worker  for  a  single  8-hour  work  shift,  and  must  be  adjusted  for  longer  shifts. 

OSHA.  Occupational  Safety  and  Health  Administration. 

Parts  per  million  (ppm).  An  expression  of  vapor  concentration  in  air.  For  JP-8  jet 
fuel,  which  has  an  approximate  molecular  weight  of  170  milligrams  (mg),  a  commonly- 
accepted  conversion  factor  is  about  0.14  ppm  for  each  milligram  per  cubic  meter 
(mg/m^. 

Permissible  Exposure  Limit  (PEL).  A  maximum  allowable  concentration  of  a 
substance  in  air,  established  by  OSHA  as  a  legal  standard.  PELs  are  8-hour  exposure 
limits  for  an  individual  worker  over  a  40-hour  work  week. 

Preconditioning.  A  procedure  which  involves  passing  temperature-  and  humidity- 
controlled  air  through  a  cartridge  in  an  attempt  to  simulate  static,  shelf  exposure  to  fixed 
levels  of  humidity  and  temperature  over  an  extended  period  of  time.  In  this  study,  each 
cartridge  was  preconditioned  by  passing  32  liters  per  minute  of  air  at  25  and  80 
percent  relative  humidity  through  it  for  a  duration  of  6  hours. 
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Prior  exposure.  A  simulation  of  workplace  static  exposure  of  an  organic  cartodge’s  face 
to  high  levels  of  fuel  vapor  and  relative  humidity.  For  this  study,  prior  exposure  refers  to 
exposing  a  cartridge's  face  to  air  containing  1200  parts  per  million  (ppm)  of  fuel  vapor 
and  80  percent  relative  humidity  for  an  8-hour  duration. 

Recommended  Exposure  Limit  (REL).  A  maximum  10-hour  Time-Weighted 
Average  Concentration  over  a  40-hour  work  week,  set  by  the  National  Institute  for 
Occupational  Safety  and  Health  (NIOSH).  It  is  intended  to  be  a  recommended  guideline 
and  is  not  legally  enforceable. 

Respirator,  A  protective  device  that  is  designed  to  provide  a  safe  breathing  atmosphere 
free  from  harmful  concentrations  of  hazardous  substances. 

Service  Life.  The  length  of  time  a  cartridge  may  be  used  to  prevent  respiratory  exposure 
to  a  vapor.  (Also  see  "TDreakthrough”.) 

Technical  Order  (T.O.).  A  document  that  provides  maintenance  guidance  to  U.S.  Air 
Force  employees.  T.O.  1-1-3  is  the  primary  document  referenced  during  repair  of  aircraft 
fuel  systems. 

Threshold  Limit  Value  (TLV®).  An  exposure  guideline  set  by  the  American 
Conference  of  Governmental  Industrial  Hygienists  (ACGIH)  under  which  most  people 
can  work  consistendy  for  8  hours  per  day  over  a  40-hour  work  week  with  no  harmful 
effects. 

USAF.  United  States  Air  Force. 

WVU.  West  Virginia  University,  in  Morgantown,  West  Virginia. 


Chapter  1.  INTKODUCnON 


1.1.  Use  of  Jet  Propulsion  Type  8  0^"^)  ^  U.S.  Air  Force 

Throughout  the  United  States,  both  in  the  military  and  in  the  aviation  industry,  kerosene-based  jet 
fuels  are  commonly  used  as  propulsion  sources.  Activities  that  require  personnel  to  work  around 
such  fuels  often  expose  individuals  to  vapors  that  may  exceed  applicable  occupational  exposure 
limits.  When  engineering  and  administrative  controls  cannot  adequately  maintain  levels  below 
these  limits,  respiratory  protection  is  employed  to  ensure  employees  are  breathing  fresh  air 
sources. 

In  the  United  States  Air  Force  (USAF),  JP-8  jet  fuel  is  the  predominant  fuel  source  for  numerous 
aircraft.  Military  personnel  are  frequently  exposed  to  JP-8  vapors  when  entering  aircraft  fuel 
tanks  to  conduct  repairs,  during  ground  refueling  activities,  storage  tank  cleaning  and 
maintenance,  and  other  activities  where  liquid  JP-8  may  volatilize  and  produce  vapors  in  a 
worker’s  breathing  zone.  Similar  exposures  occur  in  civilian  and  commercial  aviation  industry, 
where  similar  fuels  are  used  (e.g.  Jet-A  fuel). 

1.2.  Respiratory  protection 

Respirators  containing  or^nic  vapor  cartridges  are  sometimes  used  to  control  airborne  exposures 
to  fuel  vapors.  The  cartridges  use  a  carbon-based  material  which  adsorbs  vapor  (aqueous  and 
organic  compounds)  present  in  the  air  stream.  As  the  cartridge  is  exposed  over  time,  it  eventually 
becomes  saturated  to  the  extent  that  it  can  no  longer  adsorb  and  remove  these  compounds  from 
the  air  stream.  When  this  occurs,  organic  vapors  begin  to  pass  through  the  cartridge. 
Consequently,  the  worker  is  exposed  to  an  increasing  concentration  of  vapors,  which  may  exceed 
the  applicable  Occupational  Exposure  limit  (OEL)  and  place  the  worker  at  risk.  When  the 
concentration  of  vapors  reaches  a  predetermined  value  or  percentage  of  the  upstream 
concentration,  breakthrough  has  occurred. 
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Recent  regulations  established  by  the  Occupational  Safety  and  Health  Administration  (OSHA)  in 
Tide  29,  Code  of  Federal  Regulations  (CFR)  Part  1910.134  require  employers  to  establish  change- 
out  schedules  when  air  purifying  respirators  are  worn  to  control  exposures  below  the  applicable 
Permissible  Exposure  limit  (PEL).  Warning  properties  such  as  odor  or  irritation  may  no  longer 
be  used  as  the  sole  basis  for  changing  cartridges,  although  they  can  be  used  in  conjunction  with 
the  established  change-out  schedule. 

Unfortunately,  many  employers  do  not  have  access  to  quantifiable  breakthrough  data  to  help 
them  establish  effective  change-out  schedules.  Furthermore,  most  of  the  data  that  do  exist  were 
based  on  breakthrough  times  for  single-component  substances.  Mathematical  models  that  predict 
breakthrough  for  single-component  substances  have  limited  applicability  to  substances  containing 
numerous  compounds,  such  as  JP-8,  a  complex  mixture  of  over  300  organic  compounds. 

Within  the  USAF,  organic  vapor  cartridges  are  used  to  control  exposures  to  JP-8  vapors  under 
two  configurations:  (1)  as  a  primary  means  of  vapor  control  (dynamic  air  flow  throiagh  the 
cartridge);  and  (2)  as  a  back-up,  escape  only  provision,  employed  only  when  a  supplied  airline 
system  fails  to  provide  adequate  flow  of  air.  The  first  configuration  is  not  used  frequently  in  the 
USAF,  but  is  more  often  used  in  the  commercial  aviation  industry.  The  second  configuration  is 
commonly  used  in  the  USAF,  particularly  during  worker  entry  into  aircraft  fuel  tanks.  It  is 
important  to  note  that  in  the  second  configuration,  the  worker  is  not  actively  breathing  through 
the  cartridge,  since  a  Grade  D  breathing  air  source  is  provided.  However,  the  face  of  the 
cartridge  is  exposed  to  the  ambient  level  of  fuel  vapor,  since  the  cartridge  will  become  the  default 
source  of  breathing  air  to  the  user  should  the  supplied  air  system  fail. 

1.3.  Purpose  of  study 

Since  there  is  limited  breakthrough  data  for  the  use  of  organic  vapor  cartridges  in  controlling 
worker  exposure  to  environments  consisting  of  complex  fuel  mixtures  such  as  JP-8,  it  would  be 
valuable  to  the  USAF  and  to  the  aviation  industry  to  address  the  following: 
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•  How  long  will  a  cartridge  last  when  actively  used  at  known  concentrations  of  JP-8  fuel  vapor? 

•  Will  relative  humidity  impact  the  service  life  of  a  cartridge? 

•  Does  static  exposure  of  a  cartridge  to  JP-8  fuel  vapor  reduce  its  ability  to  perform  under 
dynamic  conditions,  thereby  limiting  the  active  service  life? 

The  purpose  of  this  study  is  to  address  these  identified  areas  of  concern  through  the  use  of 
controlled  experimental  procedures  and  methodology  to  simulate  static  and  dynamic  exposure  of 
organic  vapor  cartridges  to  known  concentrations  of  JP-8  fuel  vapor  and  conditions  of 
temperature  and  relative  humidity. 
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Chapter  2.  REVIEW  OF  LITERATURE 


2.1.  History  and  predominance  of  JP-8  jet  fuel 

Prior  to  World  War  II,  most  of  the  jet  engines  used  throughout  the  world  used  kerosene  as  a  fuel 
source.’  The  development  of  high-speed  jet  aircraft  in  the  late  1940s  and  early  1950s  promulgated 
research  into  new  aviation  fuels  that  would  perform  better  under  high  altitude  conditions. 

Various  attempts  at  using  different  distillation  cuts  of  cmde  oil  eventually  led  to  production  of  JP- 
4,  a  wide-cut  fuel  composed  of  a  gasoline/kerosene  mixture  with  a  flash  point  near  —10  °F.  In  the 
mid-1950s,  JP-4  was  adopted  for  widespread  use  in  the  Air  Force  and  soon  became  the  fuel  of 
choice  for  use  in  many  of  the  7\ir  Force’s  jet  engines.’ 

Shortly  thereafter,  the  Navy  began  to  use  JP-5,  a  high  flash  point  kerosene  that  had  a  minimum 
flash  point  of  140°F  and  was  therefore,  for  safety  reasons,  more  compatible  with  shipboard  use. 
Experience  with  both  types  of  fuels  in  combat  during  the  Vietnam  War  demonstrated  that  Air 
Force  aircraft  using  JP-4  fuel  experienced  higher  combat  losses  than  U.S.  Navy  aircraft,  and  a 
much  higher  probability  of  a  crash  fire  than  with  JP-5.  Furthermore,  accident  rates  for  ground- 
based  handling  of  kerosene-based  fuels  were  found  to  be  significandy  lower  than  for  wide-cut 
fuels  such  as  JP-4.’ 

JP-8  was  developed  to  provide  a  safer  kerosene-based  fuel  that  would  be  readily  available  and 
have  a  freezing  point  acceptable  to  the  Air  Force  (-47  °F).  The  Air  Force  began  converting  from 
JP-4  to  JP-8  in  1979,  and  completed  the  conversion  by  1994.  JP-8  use  rapidly  became 
widespread,  even  being  used  in  the  U.S.  Army’s  ground  vehicles  and  equipment,  as  well  as  its 
airplanes  and  helicopters.  JP-8  is  now  the  dominant  fuel  for  use  on  the  battlefield,  with  the 
primary  exception  being  the  Navy’ s  continued  reliance  on  JP-5  for  shipboard  use. 
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2.2.  Properties  and  health  risks  of  JP-8 

2.2. 1.  Chemical  Composition 

The  chemical  composition  of  JP-8  fuel  is  very  similar  to  Jet-A  fuel  used  in  the  commercial  sector. 
It  is  refined  from  crude  or  shale  oil  to  a  mixture  of  Cj  through  Q7  hydrocarbons.  Table  2-1 
contains  a  summary  of  the  general  composition  of  liquid  JP-8  fuel.2  The  actual  composition  may 
vary  slightly  depending  on  the  source  and  manufacturer  of  the  product 


Table  2-1 .  General  chemical  composition  of  liquid  JP-8  fuel.^ 


Component 

%  by  volume 

Cs  to  Cg  aliphatic  hydrocarbons 

9% 

C10  to  Ci4  aliphatic  hydrocarbons 

66% 

Ci5  to  Ci7  aliphatic  hydrocarbons 

7% 

Aromatic  hydrocarbons,  typical  of  cracked  gasoline  and  kerosene  (includes 
benzene,  alkyl  benzenes,  toluene,  xylene,  naphthalenes) 

18% 

2.2.2.  Toxicologf 

An  extensive  review  of  military  fuels  was  conducted  by  the  National  Research  Council’s  (NRQ 
Committee  on  Toxicology  (COT)  to  establish  Permissible  Exposure  Levels  (PELs)  for  use  by  the 
military^.  Their  study  considered  three  types  of  fuels  that  were  similar  in  composition  (JP-5,  JP-8, 
and  Diesel  Fuel  Marine).  The  COT  review  of  the  literature  reported  the  following  toxicological 
effects: 

1.  Kidn^'  ^stem:  Renal  toxicity  tests  conducted  in  rats  and  mice  of  both  sexes  indicate  the 
primary  risk  is  to  the  male  rat,  where  kidney  lesions  result  following  inhalation  of  vapors.  This 
result  is  not  believed  to  be  applicable  to  humans  since  the  lesions  are  unique  to  male  rats. 

2.  Central  Nervous  System  (CNS):  Studies  of  workers  exposed  to  fuel  vapors  indicate  acute  effects 
may  include  di22iness,  headaches,  nausea,  and  fatigue.  Chronic  effects  may  include  neurological 
symptoms  (sleeplessness,  depression,  headaches,  fatigue)  and  possible  impairment  of  motor  skills. 

3.  Uver.  Tests  involving  rats,  mice,  dogs,  and  monkeys  that  were  exposed  intermittendy  to  fuel 
vapors  indicated  no  pathological  change  except  for  a  small  increase  in  female  rat  liver  weights. 
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4.  Carcinogenicity:  Studies  of  petroleum  workers,  which  consisted  largely  of  refinery  workers  and 
service  station  attendants,  demonstrated  an  increased  risk  of  cancer.  However,  these  studies  were 
not  specific  to  jet  fuel  exposures,  and  much  of  the  impact  is  attributed  to  benzene,  widely  believed 
to  be  a  carcinogen.^  Following  their  review  of  diis  and  other  epidemiological  and  toxicological 
studies,  the  COT  concluded  that  JP-5  and  JP-8  do  not  pose  a  carcinogenic  risk  to  humans. 

2.2.3.  Exposure  limits 

The  Occupational  Safety  and  Health  Act  (OSH  Act)  of  1970  exempts  federal  agencies,  including 
the  Department  of  Defense,  from  adhering  to  the  requirements  set  by  the  Occupational  Safety 
and  Health  Administration  (OSHA).  However,  the  Department  of  Defense  is  required  by 
Executive  Orders  12196  and  12608'*  to  maintain  a  safety  and  health  program  that  meets,  at  a 
minimum,  the  requirements  set  forth  by  OSHA.  The  USAF  has  created  a  set  of  “Air  Force 
Occupational  Safety  and  Health”  (AFOSH)  standards  as  part  of  its  safety  and  health  program. 

AFOSH  Standard  48-8,5  “Controlling  Exposure  to  Hazardous  Materials,”  is  the  Air  Force’s 
governing  health  standard  for  controlling  exposure  to  chemicals.  AFOSH  Standard  48-8  requires 
Air  Force  personnel  to  adhere  to  the  most  stringent  exposure  limit  of  two  primary  standards:  (1) 
PELs  set  by  OSHA,  and  (2)  Threshold  limit  Values  (TLVs®)  established  by  the  American 
Conference  of  Governmental  Industrial  Hygienists.®  When  a  standard  does  not  exist  for  a 
substance  in  question,  the  Air  Force  Surgeon  General  (AFMOA/SG)  may  establish  an  exposure 
limit  by  conducting  independent  studies,  relying  upon  the  professional  literature,  or  using  another 
recommended  standard  such  as  the  “Recommended  Exposure  Limits”  (RELs)  set  by  the 
National  Institute  for  Occupational  Safety  and  Health  (NIOSI^. 

For  JP-8  jet  fuel,  neither  OSHA  nor  the  ACGIH  has  adopted  an  exposure  limit.  At  present,  the 
ACGIH®  lists  in  its  “Notice  of  Intended  Changes”  an  8-hour  TLV®  of  100  mg/m^  (over  a  40- 
hour  working  week)  for  diesel  and  kerosene,  with  a  skin  absorption  notation  and  an  A3 
carcinogenicity  category  that  identifies  it  as  a  confirmed  animal  carcinogen  with  unknown 
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relevance  to  humans.  However,  since  this  TLV®  has  not  yet  been  adopted  by  the  ACGIH,  this 
value  is  subject  to  change. 

The  Air  Force  has  adopted  the  exposure  guidelines  given  by  the  Committee  on  Toxicology.  The 
COT  recommended  an  8-hour  time-weighted  average  (TWA)  PEL  of  350  mg/m-^  and  a  Short 
Term  Exposure  limit  (STEL)  of  1 800  mg/ m"^.  Using  an  average  molecular  weight  of  1 70  g/ mol, 
this  equates  to  an  8-hour  PEL  of  approximately  50  ppm  and  a  STEL  of  250  ppm. 

2.3.  Operational  parameters  and  concerns 

2J.1.  Vapor  composition 

Most  of  the  components  found  in  JP-8  are  low-volatiKty,  high  molecxdar  weight  carbon  chains 
containing  more  than  10  carbons  each.  Because  of  their  low  vapor  pressures,  these  compounds 
tend  to  remain  in  liquid  form  under  room  temperature  conditions.  Therefore,  fuel  vapor  is 
composed  primarily  of  the  more  volatile  substances  in  the  fuel  and  does  not  proportionally 
parallel  the  composition  of  liquid  fuel. 

The  vapor  pressure  of  a  volatile  substance  can  be  represented  by  Raoult’s  Law  and  Dalton’s 
Laws."  This  property  of  mixtures  is  described  through  the  following  equation: 


Ptotai  =  (P"a  )(Xa)  +  (P"b)(Xb)  +. . .+  (P"n)(Xn) 


where  Ptotai  ==  Vapor  pressure  of  a  solution  containing  a  nonvolatile  solute 
P^A  =  Vapor  pressure  of  the  solvent,  in  pure  form 
Xa  =  Mole  fraction  of  component  A 
pOg  =  Vapor  pressure  of  component  B,  in  pure  form 
Xb  =  Mole  fraction  of  component  B 

=  Vapor  pressure  of  component  N,  in  pure  form 
Xn  =  Mole  fraction  of  component  N 


According  to  this  property  of  mixtures,  the  vapor  pressure  of  each  substance  in  a  mixture  would 
be  less  than  its  vapor  pressure  in  pure  form.  Additionally,  the  total  vapor  pressure  in  a  mixture 
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wolild  be  a  mole  fraction-weighted  average  of  each  component’s  vapor  pressure.  Consequently, 
the  high  percentage  of  low-volatility  compounds  in  fuel  causes  the  total  vapor  pressure  to  be 
lower  than  would  be  expected  if  the  fuel  was  composed  predominantly  of  low-volatility 
substances.  Naegeli  and  Childress  analyxed  JP-8  fuel  vapor  composition  at  the  Lower 
Temperature  limit  of  Flammability  (KTLF),  the  “temperature  at  which  the  lower  explosion  limit 
(LEL)  exists  in  dry  air  under  conditions  of  vapor-liquid  equilibrium.”  ®  The  top  10  components 
of  JP-8  fuel  found  in  their  studies  are  listed  in  Table  2-2.  Additionally,  they  found  the  average 
molecular  weight  of  JP-8  vapor  at  the  LTLF  to  be  11 4  g/ mol. 


Table  2-2.  Major  components  of  JP-8  jet  fuel  vapor  at  the  Lower 
Temperature  Limit  of  Flammability  (LTLF).® 


Compound  in  JP-8  jet  fuel 

Vapor  concentration 
at  35.6  °C  (ppm) 

Methyl  cyclohexane 

803 

n-Octane 

498 

n-Nonane 

450 

m-Xyiene 

439 

Toluene 

410 

Ethyl  cyclohexane 

266 

cis-1 ,4-dimethyl  cyclohexane 

261 

n-Heptane 

252 

Cyclohexane 

239 

ojCylene _ 

235 

For  purposes  of  fuel  vapor  composition  categorization,  there  are  three  general  classifications  of 
activities  which  can  expose  Air  Force  employees  to  fuel  vapors: 

•  Naturally-ventilated  activities.  This  includes  such  activities  as  ground-based  aircraft  refueling, 
external  servicing  of  aircraft  and  storage  tanks,  and  fuel  tank  entry  attendant  activities,  among 
others.  Activities  conducted  outside  of  a  confined  space  where  jet  fuel  is  present  will  often 
involve  exposure  to  fuel  vapors.  These  activities  are  usually  not  controlled  with  local  exhaust 
ventilation. 
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•  Ventilated  confined  space  fuel  tank  entry.  Personnel  frequently  enter  aircraft  fuel  tanks  to 
conduct  routine  and  special  cleaning  and  maintenance.  Major  maintenance  is  often 
conducted  after  personnel  completely  drain  the  tank  of  all  liquid  fuel  and  have  purged  the 
tank  with  fresh  air.  However,  it  is  often  difficult  or  impractical  to  completely  purge  the 
aircraft  of  ^  liquid  fuel  or  vapors  in  a  timely  manner,  and  for  some  repairs  it  may  be 
unnecessary.  Therefore,  some  level  of  fuel  vapor  is  frequently  present  in  the  tank.  The  vapor 
is  controlled  by  blowing  air  into  and  actively  extracting  it  from  the  tank.  When  doing  work 
on  a  flightline,  it  is  standard  procedure  to  use  a  ""blow  purge”  method  which  simply  forces  air 
into  the  tank  through  a  flexible  duct  without  using  a  forced  extraction  method.^ 

•  Foam  removal.  An  activity  which  has  been  shown  to  expose  workers  to  high  levels  of  fuel 
vapor  is  one  that  requires  removal  of  a  highly  porous  polyurethane  foam,  often  present  in  the 
tank  to  prevent  movement  of  the  fuel  and  to  niinirni2e  explosion  and  fire  risks.  Highest 
exposures  have  typically  been  measured^^’’^^’^^’^^  during  the  initial  entry  into  a  tank  for  the 
purpose  of  removing  this  foam,  occasionally  reaching  levels  in  excess  of  10,000  mg/m\ 

The  vapor  composition  to  which  a  worker  would  be  exposed  may  vary  somewhat  depending 
upon  the  task  being  accomplished.  Raoultis  and  Dalton’s  Laws  describe  vapor  composition  in  a 
state  of  equilibrium  within  an  enclosed  vessel.  These  laws  may  describe  the  vapor  composition 
anticipated  during  initial  opening  of  a  fuel  tank  and  the  subsequent  removal  of  foam  saturated 
with  liquid  fuel.  Under  actively  ventilated  confined  space  conditions,  many  of  the  more  volatile, 
low  molecular  weight  compounds  would  be  expected  to  have  been  removed  from  the  worker’s 
breathing  2:one.  Composition  of  vapors  under  naturally-ventilated  conditions  would  be  expected 
to  fall  somewhere  between  the  two  extremes. 

Before  entering,  personnel  ventilate  the  fuel  tank  to  reduce  the  vapor  concentrations  to  safe 
levels.  Air  Force  fuel  cell  maintenance  procedures  are  defined  in  Technical  Order  (T.O.)  1-1-3^^, 
""Inspection  and  Repair  of  Aircraft  Integral  Tanks  and  Fuel  Cells.”  T.O.  1-1-3  establishes  the  safe 
limit  for  tank  entry  to  be  greater  than  19.5%  oxygen  and  less  than  10%  of  the  Lower  Explosive 
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Limit  (LEL).  For  JP-8,  which  has  an  LEL  of  between  0.6  and  0.9  percent  (or  6000  to  9000 
ppm),^>  this  corresponds  to  a  concentration  of  about  600  ppm.  In  some  cases  where  an  aircraft 
contains  explosion  suppression  and  fire-resistant  polyurethane  foam,  personnel  are  required  to 
remove  the  foam  before  conducting  repairs,  A  special  safe  entry  level  for  these  operations  has 
been  set  at  20%  of  the  LEL  (1200  ppm)  during  foam  removal  only.  LEL  measurements  are  made 
using  the  Bacharach  514M  Explosive  Meter,  which  employs  a  catalytic  filament  sensor  to  measure 
the  percentage  of  the  LEL.^  Meters  are  calibrated  to  methane.  Users  move  the  dial  to  a  JP-8 
setting  when  working  with  JP-8,  which  corresponds  to  a  conversion  factor  of  approximately  3.0 
relative  to  methane. 

When  a  tank  is  initially  opened,  concentrations  of  fuel  vapor  frequently  exceed  safe  entry  levels. 

If  repairs  must  be  conducted  with  any  fuel  remaining  in  the  tank,  T.0. 1-1-3  requires  personnel  to 
purge  the  tank  before  entering.  Purging  continues  throughout  the  tank  entry  operation,  regardless 
of  the  initial  vapor  concentration. 

23.2,  Exposure  monitoring  data 

Monitoring  data  from  Det  1  HSC/OEMI’s  jet  fuel  exposure  consioltation  efforts^-^^  for  numerous 
fuel  tank  entry  sampling  efforts  throughout  1997  and  1998  revealed  concentrations  ranging 
between  3.85  mg/m-"^  and  10,295  mg/m^  (<  1  ppm  to  1440  ppm).  Mean  values  were  reported  to 
be  267  mg/m"^  (38  ppm)  for  all  operations  (foam  and  non-foam),  which  is  below  the  OEL  of  350 
mg/m-'^  (50  ppm). 

2,3,3,  Aspirator  use 

The  majority  of  .\ir  Force  fuel  systems  maintenance  shops  use  3M^^  EasL\ir  continuous-flow 
airline  respirators  equipped  with  organic  vapor  (OV)  cartridges.  Grade  D  air  is  provided  as  the 
primary  breathing  source.  Organic  vapor  cartridges  are  mounted  to  the  respirator  and  are  used 
only  for  escape  from  the  fuel  tank  in  the  event  the  primary  air  source  is  terminated.  In  this 
configuration,  cartridges  are  passively  exposed  to  organic  vapors  without  actively  drawing 
contaminants  through  the  cartridge.  The  worker  then  removes  respiratory  protection  equipment 
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and  often  allows  it  to  sit  for  a  period  of  time  before  using  it  again.  In  this  configuration,  use  of 
the  respirator  is  limited  to  the  conditions  acceptable  for  full  facepiece  air  purifying  respirators. 
Continuous  flow  and  full  facepiece  air  purifying  respirators  such  as  this  one  have  an  Assigned 
Protection  Factor  (APF)  of  50,  designated  by  NIOSH  in  its  Respirator  Decision  Logic's 
reference,  and  cannot  be  used  in  oxygen-deficient  or  Immediately  Dangerous  to  Life  and  Health 
(TDLH)  environments. 

In  some  cases,  air  purifying  respirators  equipped  with  organic  vapor  cartridges  may  be  used  for 
primary  protection.  In  this  configuration,  the  user  wears  a  half-face  or  full-facepiece  respirator 
without  an  additional  air  supply,  and  draws  the  entire  ak  source  through  the  cartridges.  It  is  not 
common  practice  for  Air  Force  personnel  to  wear  only  air  purifying  respirators  during  fuel  tank 
entry  operations,  but  they  may  be  used  for  other  operations  involving  potential  exposure  to  fuel 
vapor  in  some  situations. 

2.3.4.  Breakthrough  testing  parameters  vs.  the  workplace  environment 

Currently,  NIOSH  conducts  organic  vapor  cartridge  certification  breakthrough  testing  using  a 
single  contaminant  (carbon  tetrachloride)  at  pre  determined  parameters  defined  in  42  CFR 
84.207."'  If  a  cartridge  lasts  at  least  50  minutes  during  this  test  when  exposed  to  a  challenge 
concentration  of  1000  ppm,  it  passes  the  certification  test. 

It  is  important  to  recognize  that  the  NIOSH  certification  process  is  only  designed  to  ensure 
organic  vapor  respirator  cartridges  meet  a  minimum  breakthrough  requirement  for  carbon 
tetrachloride.  This  process  is  not  intended  to  help  the  end  user  establish  a  cartridge  change-out 
schedule  for  workplace-specific  organic  vapors  or  environmental  conditions.  It  is  therefore 
critical  to  have  available  other  techniques  for  estimating  the  service  life  of  a  cartridge  under  as- 
used  conditions. 

Manufacturers  frequently  conduct  other  testing  on  cartridges  with  single  component  challenge 
chemicals  under  a  variety  of  conditions.  While  much  of  this  data  can  be  used  to  help  estimate  a 
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cartridge’s  service  life,  there  are  some  unique  considerations  involved  in  determining  the  service 
life  of  organic  cartridges  used  in  a  JP-8  vapor  environment.  These  include: 

•  JP-8  consists  of  a  complex  mixture  of  organic  compounds,  ranging  from  the  lighter  fraction 
8-carbon  aromatic  hydrocarbons  to  the  much  less  volatile  14-carbon  compounds.  Single¬ 
compound  breakthrough  testing  may  not  be  an  accurate  predictor  of  multiple-compound 
breakthrough  times.  Therefore,  an  understanding  of  theoretical  and  actual  breakthrough 
times  for  JP-8  remain  uncertain. 

•  When  used  in  a  back-up  configuration,  cartridges  are  passively  exposed  rather  than  drawing 
fuel  vapors  through  the  cartridges.  Passively  exposing  a  cartridge  to  organic  vapors  and 
allowing  it  to  remain  unused  on  a  shelf  for  a  period  of  time  may  allow  the  vapor  to  diffuse 
through  the  cartridge  and  adversely  impact  its  effective  service  life  during  subsequent  uses. 

2.4.  Regulatory  requirements 

The  governing  regulation  for  use  of  respirators  in  the  w'orkplace  is  the  Occupational  Safety  and 
Health  Administration’s  (OSHA)  Respiratory  Protection  Standard,  29  Code  of  Federal 
Regulations  (CFR)  1910.134.^7 

Prior  to  (October  1998,  when  this  portion  of  the  standard  was  revised,  OSHA  required  users  of 
respirators  to  define  a  strategy  for  identifying  when  to  change  out  cartridges  worn  in  an  air 
purifying  respirator.  However,  the  requirement  was  not  weU-defined,  and  permitted  users  to  rely 
on  warning  properties  as  a  primary  mechanism  for  replacing  the  cartridges  if  that  property  could 
be  reliably  detected  at  a  concentration  lower  than  the  PEL. 

The  final  rule  for  the  new  respiratory  protection  standard  changed  the  requirement  in  several 
significant  ways.  Interpretation  of  this  standard  must  be  made  in  the  context  of  CSHA  Directive 
CPL  2.0120  and  OSHA  Instruction  CPL  2.103,  “Field  Inspection  Reference  Manual  (FIRM),” 
which  identify  inspection  procedures  for  OSHA  compliance  officers  to  follow  during 
enforcement  of  the  Respiratory  Protection  Standard.  According  to  the  standard,  when  cartridges 
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or  canisters  are  used  to  control  gas  and  vapor  exposures,  they  must  either  be  equipped  with  an 
End  of  Service  life  Indicator  (ESLI),  or  be  used  only  with  the  employer’s  implementation  of  a 
cartridge/canister  change-out  schedule  that  ensures  they  are  replaced  in  adequate  time  to  prevent 
contaminant  breakthrough.  Some  of  OSHA’s  chemical-specific  standards  dictate  change-out 
schedule  requirements  applicable  to  exposures  to  those  substances  only.  For  example,  the 
standards  for  acrylonitrile  (1910.1045),  ben2ene  (1910.1028),  and  vinyl  chloride  (1910.1017) 
specify  cartridges  be  replaced  at  the  end  of  their  service  life  or  the  end  of  each  shift,  whichever 
occurs  first  The  butadiene  standard  (1910.1051)  contains  a  replacement  schedule  that  is  based  on 
the  exposure  concentration,  and  includes  alternate  procedures  when  additional  breakthrough 
testing  data  is  available.  Formaldehyde  (1910.1048)  requires  cartridges  to  be  replaced  every  3 
hours  or  at  the  end  of  the  work  shift,  whichever  occurs  first  For  all  other  substances  where  air 
purifying  respirators  are  worn  to  control  worker  exposures,  OSHA  requires  the  employer  to 
establish  and  implement  a  change-out  schedule.  Warning  properties  such  as  odor  or  irritation 
may  not  be  used  as  the  sole  basis  for  changing  cartridges,  althoxogh  they  can  be  used  in 
conjunction  with  the  established  change-out  schedule.  The  primary  reason  for  this  change  is  the 
notion  that  warning  properties  are  unreliable  and  are  therefore  inadequate  to  indicate  sorbent 
exhaustion  has  occurred. 

The  preamble  to  the  final  rule  for  the  new  standard  states  that  employers  are  ^^not  required  to 
research  and  analyze  experimental  breakthrough  data”,  but  ""may  obtain  information  from  sources 
who  have  e3q>ertise  and  knowledge  that  can  help  the  employer  to  develop  reasonable  change 
schedules.”  CPL  2.0120  provides  guidance  to  assist  an  employer  in  creating  change-out 
schedules.  A  brief  summary  of  the  guidelines  in  CPL  2.0120  follows. 

•  Manufacturer’s  Objective  Data:  Cartridge-specific  data  developed  and  presented  by  each 
manufacturer  may  be  available  through  distributors,  via  the  manufacturer’s  Internet  web  site, 
or  verbally  via  telephone  help  line.  In  some  cases,  manufacturers  have  developed  computer 
programs  that  compute  breakthrough  times  based  on  known  workplace  conditions  and 
cartridge  characteristics. 
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•  Experimental  Methods:  Breakthrough-time  data  may  be  determined  experimentally  in  a 
laboratory  using  worst-case  simulations  of  workplace  conditions.  OSHA  considers  this  to  be 
a  good  approach  when  compared  to  other  available  techniques. 

•  Mathematical  Predictive  Modeling:  Several  types  of  mathematical  equations  have  been 
developed  based  on  theoretical  assumptions  and  experimentally-determined  breakthrough 
data.  Some  mathematical  models  may  require  considerable  expertise  and  could  involve 
obtaining  proprietary  information  from  each  cartridge  manufacturer.  OSHA  believes  further 
development  and  validation  of  such  models  would  be  of  value,  and  supports  further  efforts. 
The  ‘'"Gerry  O.  Wood  Mathematical  Model”  is  offered  as  one  means  for  estimating  service 

•  Analogous  Chemical  Stmctures:  With  this  method,  the  employer  compares  the  chemical  of 
interest  against  breakthroiogh  characteristics  for  chemicals  of  a  similar  stmcture.  Similarly,  a 
chemical  with  known  characteristics  could  be  justifiably  used  as  a  surrogate  for  a  chemical 
reasonably  believed  to  migrate  through  the  cartridge  more  slowly,  such  as  a  heavier,  less 
volatile  compound  in  the  same  chemical  series.  This  approach  depends  significantly  on 
experimental  data  and  expertise.  OSHA  considers  it  to  be  generally  less  accurate  than  other 
methods  and  advocates  its  use  when  better  information  is  unavailable  to  the  employer. 

•  Workplace  Simulations:  Currently  under  development,  several  methods  propose  to  test 
breakthrough  under  actual  conditions  of  use  by  drawing  workplace  air  through  the  cartridge  at 
a  normal  high  work  level  breathing  rate  and  sampling  the  air  stream  on  the  other  side  of  the 
cartridge  to  monitor  breakthrough.  Such  a  method  could  supplement  an  employer’s  routine 
air  monitoring  program  and  may  be  able  to  better  account  for  changing  humidity, 
temperature,  and  concentration  conditions. 

•  Rules  of  Thumb:  Experimental  data  may  lead  to  development  of  rules  of  thumb  for 
estimating  cartridge  and  canister  service  life.  For  example,  the  American  Industrial  Hygiene 
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Association  (AIHA)  publication'^,  “The  Occupational  Environment  Evaluation  and  Control,” 
suggests  a  method  for  estimating  organic  vapor  cartridge  service  life.  The  method  assumes  a 
service  life  of  8  hours  at  a  normal  work  rate  when  the  chemical’s  boiling  point  is  greater  than 
70  °C  and  the  concentration  is  less  than  200  ppm.  The  8-hour  breakthrough  time  is  reduced 
by  a  number  of  factors  presented  in  the  text,  including  work  rate,  concentration,  and  humidity 
conditions.  OSHA  expresses  some  doubt  as  to  the  reliability  of  this  method  and  advocates  its 
use  only  in  concert  with  another  service  life  prediction  method. 

Other  requirements  of  OSHA’s  Respiratory  Protection  Standard  include  establishing  a  workplace- 
specific  respiratory  protection  program  that  address  selection  and  use  of  respirators,  facepiece  fit- 
testing  and  medical  monitoring,  and  training.  The  standard  requires  initial  fit-testing  for  all  users 
wearing  tight-fitting  respirators,  and  at  least  annually  thereafter,  when  there  is  a  change  in  the 
facepiece,  or  when  the  worker’s  physical  condition  changes  such  that  the  respirator  fit  could  be 
compromised  (e.g.  significant  weight  change).  The  standard  also  addresses  use  of  respirators  in 
potentially  Immediately  Dangerous  to  life  or  Health  (IDLH)  and  oxygen-deficient  environments, 
prohibiting  the  use  of  air  purifying  respirators  under  those  conditions. 

Since  the  USAF  is  required  to  maintain  a  safety  and  health  program  at  least  as  stringent  as  that 
established  by  OSHA,  the  general  tenets  of  the  Respiratory  Protection  Standard  apply.  AFOSH 
Standard  48-137,  Respiratory  Protection  Program,^**  applies  these  requirements  to  USAF 
personnel. 

2.5.  Cartridge  certification  protocols 

2.5. 1.  National  Institute  for  Occupational  Safety  and  Health  (NIOSH) 

Under  its  responsibility  to  test  and  certify  respirators,  NIOSH  developed  requirements  for  testing 
chemical  vapor  cartridges  and  canisters  which  are  defined  in  42  CFR  84.207,  “Bench  tests:  gas 
and  vapor  tests:  minimum  requirements.”^'’  All  manufacturers  of  gas  and  vapor  cartridges  must 
meet  fiiese  certification  requirements  before  providing  a  product  to  the  public. 


15 


For  organic  vapor  cartridges,  testing  must  be  accomplished  at  a  relative  humidity  of  50±5  percent 
and  a  temperature  of  approximately  25  °C.  The  challenge  vapor  is  carbon  tetrachloride  (CCl^)  at  a 
concentration  of  1000  ppm;  or  a  lower  concentration  for  organic  compounds  that  produce 
atmospheres  immediately  dangerous  to  life  and  health  at  1000  ppm.  Breakthrough  has  occurred 
when  a  concentration  of  5  ppm  is  measured  exiting  the  cartridge. 

Two  types  of  tests  are  completed;  one  on  cartridges  as  received,  without  equilibration;  and  one 
with  cartridges  that  have  been  equilibrated  to  known  temperature  and  humidity  conditions. 

•  Non-equilibrated  cartridges:  After  the  cartridges  are  received,  they  are  placed  in  a  sealed  bag  and 
tested  within  18  hours.  If  the  cartridges  are  intended  to  be  used  individually  (one  at  a  time)  in 
a  respirator,  three  are  tested  at  64  LPM  each.  If  designed  to  be  used  in  pairs,  three  pairs  of 
cartridges  are  tested  at  64  LPM  (or  32  LPM  per  cartridge). 

•  Yiquilihrated  cartridges'. 

•  Two  cartridges  (or  pairs)  are  equilibrated  by  passing  room  temperature  air  at  25  percent 
relative  humidity  at  a  flow  rate  of  25  LPM  for  6  hours.  Cartridges  must  be  placed  in  a 
sealed  bag  and  tested  within  18  hours  of  equilibration.  If  the  cartridges  are  intended  to 
be  used  individually  (one  at  a  time)  in  a  respirator,  they  are  tested  at  64  LPM  each.  If 
designed  to  be  used  in  pairs,  they  are  tested  at  64  LPM  (or  32  LPM  per  cartridge). 

•  Two  cartridges  (or  pairs)  are  equilibrated  by  passing  room  temperature  air  at  85  percent 
relative  humidity  and  a  flow  rate  of  25  LPM  for  6  hours.  Cartridges  must  be  placed  in  a 
sealed  bag  and  tested  within  18  hours  of  equilibration.  If  the  cartridges  are  intended  to 
be  used  individually  (one  at  a  time)  in  a  respirator,  they  are  tested  at  64  LPM  each.  If 
designed  to  be  used  in  pairs,  they  are  tested  at  64  LPM  (or  32  LPM  per  cartridge). 
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The  NIOSH  criteria  requires  that  cartridges  have  a  minimum  tested  service  life  of  50  minutes  in 
order  to  pass  the  certification  requirements. 

2,5,2.  Environmental  Protection  Agenfy 

The  Environmental  Protection  Agency  (EPA)  has  developed  some  interim  guidelines  in  support 
of  Section  5  of  the  Toxic  Substances  Control  Act  (ISCA),  which  authorizes  the  EPA  to  require 
the  use  of  respiratory  protection  for  workers  exposed  to  gases  or  vapors  of  new  chemical 
substances  or  those  submitted  as  Premanufacture  Notifications  (PMNs).  The  EPA  requires  use 
of  supplied-air  respirators  for  exposure  to  new  volatile  chemicals  unless  a  company  can  show  that 
a  NIOSH-approved  organic  vapor  cartridge-type  respirator  will  effectively  remove  the 
contaminant  from  the  worker’s  breathing  zone. 

The  interim  recommendations  are  predominantly  based  on  the  Wood  and  Ackley  protocol^i  for 
testing  organic  vapor  canisters  and  cartridges,  and  on  NIOSH’s  draft  decision  logic  for  respirator 
selection  during  PMN  uses.22  The  interim  recommendations  break  the  testing  protocol  into  two 
phases.  Phase  I  involves  eight  different  tests  that  represent  the  worst  case  environmental 
conditions.  Phase  11,  which  is  only  required  under  certain  conditions,  addresses  the  desorption 
characteristics  of  the  cartridge  or  canister  filters  at  elevated  temperatures  by  including  additional 
tests  tander  conditions  of  higher  temperature. 

An  overview  of  the  recommended  protocol  is  included  below: 

•  Conduct  an  initial  screening  for  service  life  that  is  based  on  predictive  modeling.  If  modeling 
shows  that  a  predicted  service  life  would  be  shorter  than  20  minutes  for  the  substance,  the 
company  should  consider  an  alternative  to  using  an  air  purifying  respirator,  such  as  a 
supplied-air  respirator. 

•  Document  that  adsorption  of  the  substance  will  not  result  in  heats  of  reaction  that  yield 
temperatures  more  than  20°C  above  the  ambient  temperature. 


17 


•  Perfoim  a  minimum  of  eight  tests  on  the  cartridges  or  canisters  of  interest  at  a  50  Kter  per 
minute  flow  rate  and  a  temperature  of  25 ±2.5  °C,  according  to  the  following  parameters: 

•  Two  tests  each  at  concentrations  of  10  times,  100  times,  and  500  times  the  proposed  exposure 
limit,  with  a  relative  humidity  held  constant  at  80+5  percent. 

•  Two  tests  at  500  times  the  proposed  exposure  limit,  and  a  relative  humidity  held  constant  at 
20±5  percent. 

•  If  the  cartridge  or  canister  will  be  used  for  worker  protection  at  elevated  temperatures, 
defined  as  35  °C  or  higher,  conduct  two  more  series  of  tests  (two  replicates  for  each)  at  10 
and  500  times  the  proposed  exposure  lintit,  at  a  temperature  of  35+2.5  °C  and  80+5  percent 
relative  humidity. 

•  Develop  change-out  schedules  according  to  service  life  testing  results  for  the  worst  case 
conditions,  applying  a  safety  factor  of  60%  to  account  for  environmental  condition  variability. 

2.6.  Breakthrough  of  homogeneous  substances 

2.6.1.  Overview 

In  1976  Nelson  and  Correia^’  published  the  conclusions  of  an  extensive  study  describing 
fundamental  breakthrough  characteristics  of  organic  vapors  through  carbon  respirator  cartridges. 
This  report  was  the  culmination  of  over  5  years  of  research  in  this  area.  During  that  series  of 
studies.  Nelson  et.  al.^'^  ^s-zr.  tested  cartridge  breakthrough  for  121  types  of  vapors  at  various 
concentrations,  humidity  levels,  and  air  flow  rates,  and  provided  a  review  of  solvent  vapor 
adsorption  properties  on  activated  carbon.  The  authors  also  compared  theoretical  breakthrough 
times  using  the  adsorption  isotherm,  Mecklenburg,  and  Wheeler  equations,  and  attempted  to 
develop  a  simplified  empirical  expression  for  predicting  breakthrough  to  10  percent  of  the 
challenge  concentration. 
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Additional  research  by  Yoon  and  Nelson^'^,  Moyer2^’29^  Wood  and  Moyer^^’^h  Wood  and 
Stampfer^2^  and  others  have  further  defined  the  impacts  of  exposure  conditions  on  breakthrough 
time  and  developed  additional  predictive  models  for  single  contaminant  breakthrough  estimation. 
One  often-used  model  is  presently  known  as  the  ""‘modified  Wheeler  equation”. 

The  original  Wheeler  equation  was  initially  derived  by  Wheeler  and  Robell'^"^  to  describe  catalytic 
bed  poisoning,  and  was  later  modified  by  Jonas  and  Svirbely-'^^  into  the  following  form: 
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where 

4  =  breakthrough  time  in  minutes 

—  adsorption  capacity  in  g/g 

4,  =  adsorption  rate  constant  in  minutes-^ 

W  =  adsorbant  weight  of  carbon  in  g 

=  bulk  density  of  the  packed  bed  in  g/ cm"^ 

^  =  air  flow  rate  in  cm^/min 

—  challenge  concentration  in  g/cm^ 

Q  =  exit  concentrations  of  interest  in  g/ cm^ 

While  this  equation  is  commonly  used  to  analyze  contaminant  breakthrough  in  carbon  beds,  it  is 
only  valid  for  small  exit  concentrations  (small  fractions  of  the  inlet  concentration)  since  it  predicts 
that  the  exit  concentration  will  increase  exponentially-^"^ 

Yoon  and  Nelson  applied  a  correction  term  to  this  model  to  account  for  the  reversibility  of 
adsorption  of  the  contaminant  as  the  breakthrough  concentration  (C^  increases,^’^^^  follows: 
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with  variables  defined  as  above. 

Wood  further  defined  additional  terms  in  this  equation,  developing  models  for  and  as 
shown  below: 


W  =  W  d.  exp 

e  o  L  ^ 
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where 

=  carbon  micropore  volume  (cm^/j^ 
dj^  =  liquid  density  of  adsorbate  (g/cm^ 

T  =  absolute  temperature  in  Kelvin 

p  -  partial  pressure  corresponding  to  the  challenge  concentration 
~  partial  pressure  (at  saturation)  of  substance 

=  molar  polarization  (electron  cloud  displacement  or  preferential  orientation  of  dipoles) 
R  ~  ideal  gas  constant  of  1.987 
b  —  3.56  X  10^  (empirically  determined) 

=  molecular  weight 
fif)  —  re&active  index 
I  =  calculated  constant  of  8.25  x  10“^. 
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5  is  an  empirically-derived  coefficient  that  can  be  estimated  from: 


S  =  0.063  -  0.0058  ln[(Cg  -  )/  J 

Note  that  changes  in  the  value  of  Sy  which  ultimately  impact  and  modify  the  slope  of  the 

prediction  curve,  are  most  significant  at  the  lowest  percentages  of  the  breakthrough  curve  (see 
Table  2-3).  This  has  a  direct  relationship  on  4-  Since  4  appears  in  the  denominator  of  the  Yoon 
and  Nelson  equation,  an  increase  in  the  value  of  S  will  reduce  the  predicted  breakthrough  time,  4. 


Table  2-3.  Changes  in  value  of  S  across  the  breakthrough  curve. 


%  breakthrough 

S 

1 

0.036 

5 

0.046 

10 

0.050 

20 

0.055 

30 

0.058 

40 

0.061 

50 

0.063 

The  equilibrium  adsorption  capacity  parameter,  tends  to  be  relatively  constant  across  the 
breakthrough  curve  (at  a  fixed  temperature)  and  is  relatively  insensitive  to  the  challenge 
concentration  except  for  substances  of  extremely  low  volatility.  Note  also  that  and  4  not 
independent  of  each  other,  since  they  share  the  molar  polarisation  term,  P,.,  a  constant  that  is 
dependent  on  the  polarization  characteristics  of  the  challenge  substance. 

The  effects  of  relative  humidity  on  breakthrough  times  are  currently  being  studied  to  better  define 
the  response  functions.  Relative  to  vapors  of  most  organic  compounds,  water  vapor  adsorption 
by  activated  carbon  is  extremely  slow.  However,  at  low  contaminant  concentrations  and  high 
humidity  levels,  the  number  of  water  molecules  greatly  exceeds  the  number  of  contaminant 
molecules,  with  the  water  vapor  causing  a  significant  reduction  in  breakthrough  tirne.^^’  For 
example,  100  ppm  of  a  substance  such  as  methylene  chloride  (molecular  weight  =  84.9)  is 
equivalent  to  2.4  x  10^^  molecules  in  1  Liter  of  air.  The  same  volume  of  air  humidified  at  80 
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percent  contains  approximately  6.1  x  10^’  water  molecules  (11.5  mg^’),  over  250  times  the  number 
of  methylene  chloride  molecules.  For  JP-8  fuel,  using  an  approximate  molecular  weight  of  170 
g/mol,  300  ppm  is  equivalent  to  7.4  x  lO’®  molecules  and  1200  ppm  equates  to  3.0  x  lO” 
molecules.  The  relative  ratios  of  water  to  fuel  vapor  molecules  would  be  as  shown  in  Table  2-4. 


Table  2-4.  Approximate  ratio  of  water  molecules  to  fuel  vapor 
molecules  in  a  fixed  volume  of  air  for  50  and  80  percent  relative 
humidity  levels,  at  300  and  1200  parts  per  million  of  fuel  vapor. 


Relative  humidity  level 

Ratio  of  water  to  fuel  vapor 

Ratio  of  water  to  fuel  vapor 

molecules  at  300  ppm  fuel 

molecules  at  1200  ppm  fuel 

vapor 

vapor 

50  percent 

51:1 

T2:1 

80  percent 

83:1 

20:1 

One  model  published  by  Wood’**  relates  the  breakthrough  time  at  a  reference  relative  humidity  to 
a  humidity  level  of  interest.  The  equation  takes  a  general  form  of  the  following; 


K  +  K'RH” 


where  is  the  breakthrough  time  at  a  reference  relative  humidity,  4  is  the  breakthrough  time  at 
the  relative  humidity  level  of  interest,  K  and  K  are  constants  that  depend  on  the  amount  of  water 
vapor  in  the  air  relative  to  samration,  and  n  represents  the  number  of  water  molecules  that  fill  the 
charcoal  micropores.  This  model  essentially  allows  prediction  of  a  breakthrough  time  at  any 
relative  humidity  when  all  other  key  parameters  (e.g.  temperamre,  challenge  concentration,  and 
percentage  of  breakthrough)  are  held  constant  Wood  states  that  in  his  application  of  this  model 
to  initially  dry  carbon  bed  tests,  the  calculated  parameters  for  this  equation  did  not  remain 
constant  between  the  10  percent  and  50  percent  of  the  challenge  concentration  penetration 
points.  However,  he  does  not  address  changes  in  this  ratio  that  may  occur  throughout  the 
breakthrough  curve  (with  challenge  concentration  held  constant)  for  preconditioned  carbon  beds. 
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nor  does  he  discuss  potential  differences  in  this  ratio  resulting  from  changes  in  the  challenge 
concentration.  This  model  does  not  describe  either  of  these  impacts. 

Nelson  and  Correia^^  observed  during  their  studies  that  the  typical  sigmoidal  (s-shaped) 
breakthrough  response  curve  of  breakthrough  concentration  versus  time  under  dry  conditions 
began  to  donate  as  the  relative  humidity  during  test  conditions  was  raised  above  65%.  This 
effect  is  even  more  pronounced  when  a  cartridge  has  been  pre-conditioned  at  high  humidity 
levels  (65  percent  or  greater),  such  that  the  response  becomes  nearly  linear  throughout  a  large 
portion  of  the  curve. 

It  is  important  to  note  that  these  equations  help  to  predict  the  exit  concentration  over  time  when 
parameters  for  the  cartridge,  air  flow  rate,  exposure  concentration,  and  specific  compound 
characteristics  are  known.  While  some  estimates  can  be  made,  most  models  are  limited  in  their 
ability  to  account  for  the  effects  of  relative  humidity,  temperature,  or  irtixtures  of  compounds. 

In  summary,  most  of  the  research  in  this  area  has  led  to  the  following  conclusions: 

•  Higher  exposure  concentrations  will  reduce  the  breakthrough  time  for  a  given  contaminant. 
Breakthrough  time  is  approximately  inversely  proportional  to  challenge  concentration  at  the 
50  percent  breakthrough  point,  with  the  complete  breakthrough  curve  exhibiting  a  sigmoidal 
shape  and  following  the  reaction-kinetic  equation  principles  of  mass  conservation  and  first- 
order  kinetics. 

•  Breaktiirough  time  is  inversely  proportional  to  flow  rate. 

•  Breakthrough  time  is  reduced  by  between  1  and  10  percent  for  every  10°  C  increase  in 
temperature  above  a  cartridge’s  test  conditions. 

•  Activated  carbon  generally  has  a  greater  affinity  for  less  volatile  substances. 
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•  High  relative  humidity  levels  during  cartridge  use  reduce  service  lives  when  compared  to  low 
relative  humidity  levels.  This  effect  is  especially  pronounced  at  relative  humidity  levels  above 
65  percent. 

•  Preconditioning  a  cartridge  at  a  low  relative  humidity  has  a  mild  impact  on  its  service  life,  with 
the  test  relative  humidity  having  a  considerably  greater  impact  than  the  preconditioning 
humidity.  However,  preconditioning  at  high  relative  humidity  levels  will  cause  a  significant 
reduction  in  service  life. 

•  Breakthrough  times  for  cartridges  tested  under  pulsating  air  flow  rates  are  not  significantly 
different  from  those  tested  with  a  steady-state  air  flow  source. 

2,62.  Breakthrough  testing  methods 

Methods  for  testing  breakthrough  for  cartridges  exposed  to  single-component  substances  typically 
involve  producing  a  constant  flow  rate  of  air  at  fixed  temperature  and  humidity  conditions  into  a 
mixing  chamber.^  In  the  chamber,  a  fixed  delivery  rate  of  the  substance  in  question  is  injected 
and  flash-vaporised.  The  contaminated  air  is  fed  into  a  cartridge  testing  chamber,  where  it  flows 
throiagh  the  cartridge.  Relative  humidity,  temperature,  and  concentration  are  monitored  at 
various  points  through  the  system  to  ensure  adequate  control  and  to  monitor  the  system 
parameters.  Detection  equipment  may  vary  depending  upon  the  substance  being  monitored.  For 
organic  vapors,  infrared  (IR)  detectors  or  Flame  Ionisation  Detectors  (FIDs)  are  commonly  used. 

2.7.  Breakthrough  of  mixtures 

2.7, /.  Overview 

As  compared  to  research  published  regarding  breakthrough  data  for  single-component  organic 
substances,  there  is  a  much  smaller  body  of  research  that  has  been  published  to  date  on  organic 
vapor  cartridge  service  life  when  exposed  to  mixtures  of  two  or  more  substances.  Lewis  et.  al.,"^*^ 
Grant  and  Mares,^^  Myers  and  Prausnitz,^!  and  Jonas  and  Sansone'^^  h^cvc  each  studied  carbon 
adsorption  characteristics  gases  and  hydrocarbons  to  a  limited  degree. 
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More  recently,  Yoon  et.  al.^^’44  tested  organic  vapor  cartridges  for  mixtures  involving  acetone  and 
;5v-xylene  (binary  tests)  and  various  combinations  of  acetone,  cyclohexane,  toluene,  ethyl  acetate, 
and  /^-xylene  (ternary  and  quaternary  tests). 

Data  from  the  mixture  studies  indicate  that  compounds  that  are  relatively  weakly  adsorbed  by  a 
carbon  bed  can  be  displaced  by  one  that  has  stronger  adsorption  characteristics.  This  may,  in 
fact,  actually  result  in  a  breakthrough  concentration  for  the  displaced  substance  that  is  greater 
than  its  concentration  in  the  challenge  mixture.  Therefore,  the  service  life  of  a  cartridge  becomes 
highly  dependent  on  the  challenge  concentration  for  each  component  in  the  mixture,  and  is 
measurably  influenced  as  a  result  of  the  displacement  process.  Weakly-adsorbed  compounds 
break  through  faster  than  they  would  as  single-component  challenges. 

Yoon,  Nelson,  and  Lara^^  have  developed  a  mathematical  model  that  accounts  for  the  rate  of 
adsorption,  the  capacity  of  the  carbon  bed,  and  the  displacement  phenomenon  that  occurs  with 
multi-component  substances.  Since  JP-8  contains  over  300  organic  compounds,  further 
discussion  of  their  model  is  beyond  the  scope  of  this  paper. 

2.7.2.  Breakthrough  testing  methods 

The  breakthrough  testing  methods  used  for  multi-component  substances  are  similar  to  those  used 
for  single-component  substances.  Methods  involve  controlled  injection  and  flash  volatilization  of 
each  component  individually  into  the  air  stream,  allowing  them  to  mix  in  a  chamber  before 
passing  through  the  cartridge. 

2.8.  Vapor  generation 

In  most  of  the  studies  reported  above,  vapor  generation  of  single  and  multiple  contaminants  is 
typically  accomplished  in  a  manner  similar  to  that  for  single  component  breakthrough  testing.  A 
typical  vapor  generation  configuration  uses  multiple  motor-controlled  syringes  to  inject  and 
vaporize  a  known  mass  of  each  contaminant  into  the  air  stream. 
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The  literature  does  not  reflect  significant  use  of  other  methods  for  vapor  generation  in  cartridge 
breakthrough  studies.  However,  inhalation  toxicity  studies  frequently  employ  other  methods. 
One  such  method  has  been  employed  for  producing  known  and  constant  concentrations  of  fuel 
vapors  during  toxicity  testing  of  petroleum-  and  shale-derived  fuels  at  the  Toxic  Hazards 
Research  Unit,  Wright-Patterson  Air  Force  Base,  Ohio.  The  Ak  Force^^  ^ged  evaporation  towers 
consisting  of  a  13-inch  long,  1-3/4-inch  outside  diameter  glass  cylinder.  Each  of  the  towers  had  a 
13-tum,  9-inch  long  spiral  embedded  in  its  waU  to  contain  a  heating  coil  and  to  lengthen  the  path 
of  vaporization.  The  top  of  each  tower  reduced  to  a  “T’  with  one  arm  for  vapor  exhaust  and  the 
other  for  connecting  the  input  fuel.  The  bottom  was  connected  to  a  double  constructed  of 
stainless  steel  tubing,  which  was  used  to  drain  waste  fiiel  and  feed  carrier  air  into  the  system. 
Vapor  effluent  was  fed  into  an  enclosed  dome  where  animals  were  exposed  to  the  fuel  vapors. 
Minor  corrections  in  the  vapor  concentration  were  accomplished  by  changing  the  air  flow  in  each 
dome.  The  primary  energy  of  vaporization  came  from  an  electrically  heated  coil  wrapped  around 
the  tower,  with  a  lesser  portion  of  the  energy  supplied  with  the  incoming  air. 

Although  not  specifically  designed  for  multiple  contaminant  generation,  Potts  and  Steiner^ 
reported  on  a  device  for  volatilizing  high-boiling  liquids  without  requiring  heat  input  Their 
approach  uses  a  multiple  plate,  high  efficiency,  countercurrent  distillation  column  that  is 
maintained  at  a  temperature  below  ambient  They  tested  two  configurations.  The  first  was  a 
relatively  simple  system  that  serves  well  for  experiments  of  short  duration  where  the  desired 
concentration  is  close  to  the  saturation  level  in  air.  However,  this  system  was  highly  dependent 
on  the  temperature  of  ambient  air  surrounding  the  distillation  column,  so  any  fluctuations  in  air 
temperature  could  affect  the  liquid  vapor  pressure  and  cause  small  fluctuations  in  the  generated 
concentration.  Fluctuations  would  normally  occur  over  a  several-hour  period,  and  it  was  possible 
to  adjust  the  air  flow  rates  to  compensate  accordingly  and  maintain  a  constant  concentration. 
However,  for  longer-term  studies,  the  authors  designed  a  second  apparatus  that  uses  a 
temperature-controlled  water  jacket  to  maintain  a  constant  temperature  within  the  distillation 
column. 
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According  to  the  authors,  one  significant  advantage  of  using  this  system  over  flash  volatilization 
methods  is  that  in  miiltiple  component  mixtures,  where  each  component  has  different  vapor 
pressures,  this  method  would  produce  a  vapor  composition  that  is  very  similar  to  that  which 
would  be  generated  from  liqxaid  in  an  open  room,  as  governed  by  Raoxilt’s  Law.  Operating  the 
second  system  for  such  applications  would  require  a  mmor  modification,  allowing  for  a  fresh 
source  of  liquid  continuously  supplied  to  the  top  of  the  column  instead  of  being  recirculated. 
Periodic  or  continuous  emptying  of  the  reservoir  would  also  be  necessary. 
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Chapter  3,  METHODS  AND  MATERLTLS 


3.1.  Purpose  of  study 

The  NIOSH  protocol  for  certification  of  organic  vapor  cartridges  requires  the  testing  of  only  a 
single  substance,  carbon  tetrachloride.  However,  in  a  work  environment,  workers  are  most  likely 
exposed  to  a  different  substance,  and  frequently  to  multiple  substances  at  the  same  time.  For 
example,  a  typical  oil-based  paint  may  contain  numerous  types  of  solvents  (e.g.  toluene,  xylene, 
and  methyl  ethyl  ketone),  each  of  which  has  a  different  affinity  toward  carbon  and  would  break 
through  the  cartridge  at  different  times. 

The  OSHA  requkement  to  develop  cartridge  change-out  schediJes  presents  a  real  dilemma  for 
industry  and  for  the  Air  Force,  since  there  is  a  large,  undefined  number  of  different  chemical 
combinations  to  which  a  worker  could  be  exposed.  Cartridge  testing  already  requires 
considerable  resources  to  assess  single  chemical  breakthrough  times.  Costs  escalate  considerably 
when  attempting  to  address  the  numerous  permutations  of  multiple  chemical  exposures  possible 
in  the  work  environment. 

To  develop  change-out  schedules  for  organic  vapor  cartridges  during  activities  where  personnel 
are  exposed  to  JP-8  jet  fuels,  the  USAF  needs  to  better  understand  the  breakthrough 
characteristics  of  the  cartridges  most  commonly  used  by  its  employees  in  an  active  mode  (as 
primary  protective  devices)  and  in  a  passive  mode  (as  a  backup,  escape-only  provision).  Of 
particular  interest  is  the  impact  of  exposing  a  cartridge  to  a  static  concentration  of  JP-8  fiiel  vapor 
prior  to  actively  drawing  air  through  the  cartridge  in  a  dynamic  configuration,  and  the  resulting 
impact  on  its  service  life,  if  any.  The  emphasis  will  be  placed  on  cartridges  currendy  in 
predominant  use  within  the  USAF. 

Therefore,  the  focus  of  this  study  was  to  determine  those  breakthrough  times  to  support 
development  of  cartridge  change-out  schedules  during  fuel  tank  entry  operations.  The 
hypotheses  tested  in  this  study  are: 
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•  1st  H(,:  Preconditioning,  followed  by  subsequent  exposure  to  high  levels  of  relative  humidity, 
will  have  no  significant  impact  on  the  breakthrough  time  of  an  organic  vapor  cartridge 
dynamically  exposed  to  fuel  vapor  as  compared  to  a  cartridge  challenged  at  a  low  relative 
humidity  level  The  alternative  hypothesis,  H|,  states  that  there  is  a  significant  impact  on 
breakthrough  time  resulting  from  exposure  to  high  levels  of  relative  humidity. 

•  2nd  H(|:  Prior  exposure  of  a  cartridge  to  a  high-level,  static  concentration  of  fuel  vapor  and 
high  level  of  relative  humidity  for  a  full  work  shift  will  have  no  significant  impact  on  its 
breakthrough  time  when  that  cartridge  is  subsequently  used  under  dynamic  flow  conditions, 
relative  to  cartridges  without  prior  exposure.  The  alternative  hypothesis,  Hj,  states  that  there 
would  be  a  significant  impact  on  breakthrough  time. 

•  3rd  H„:  The  breakthrough  response  characteristics  of  JP-8  through  an  organic  vapor  cartridge 
cannot  be  adequately  modeled  by  a  generali2ed  form  of  the  Yoon  and  Nelson  equation.  The 
alternative  hypothesis,  H,,  would  state  that  the  response  function  does  follow  this  equation. 

3.2.  Experimental  design 

3.2. 1.  Hypotheses  1  and  2 

To  test  the  first  two  null  hypotheses,  two  experimental  models  were  established  in  the  form  of 
two  by  three  factorial  designs.  The  first  model,  which  examines  the  impact  of  relative  humidity 
and  concentration  on  breakthrough  time,  uses  a  3-level  treatment  of  concentration  (300,  600,  and 
1200  parts  per  million  of  JP-8,  equivalent  to  2100, 4200,  and  8300  mg/  m^,  respectively)  and  a  2- 
level  treatment  of  test  relative  humidity  (50  percent  and  80  percent).  The  second  model  uses  a  3- 
level  treatment  of  concentration  (same  levels  as  before)  and  a  2-level  “prior  exposure”  treatment 
(“yes”  or  “no”)  with  relative  humidity  held  constant  at  80  percent.  Five  replicates  were  conducted 
at  each  test  condition,  and  the  “no  prior  exposure”  treatment  at  80  percent  relative  humidity  was 
shared  between  the  two  data  sets.  All  cartridges  were  preconditioned  at  80  percent  relative 
humidity  and  a  temperature  of  25  °C.  Pre-exposed  cartridges  were  passively  exposed  in  25  °C  air 
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for  8  hours  at  1200  ppm  fuel  vapor  and  80  percent  relative  humidity.  A  flow  diagram  of  the 
cartridge  testing  procedure  is  shown  in  Figure  3-1. 


Data  set  for  1*^^  hypothesis 


Data  set  for  2^^  hypothesis 


The  dependent  variable  is  the  breakthrough  time  to  a  given  fraction  of  the  challenge 
concentration  (e.g.  1%,  5%  10%,  20%)  or  to  a  fixed  level  (e.g.  the  TLV  or  OEL). 

Although  the  models  could  have  been  combined  into  one  2x2x3  experimental  design  (2  levels 
of  relative  humidity,  2  levels  of  prior  exposure,  and  3  levels  of  concentration),  time  constraints 
limited  the  number  of  tests  that  could  be  performed.  Therefore,  the  author  chose  to  measure  the 
impact  of  prior  exposure  only  at  the  assumed  worst-case  condition,  the  higher  relative  humidity 
condition  of  80%. 


Care  was  taken  throughout  the  testing  to  minimize  potential  systematic  error  by  spacing  replicates 
of  each  test  condition  over  time  throughout  the  testing  period.  However,  as  a  result  of  the 
amount  of  time  required  to  achieve  system  stability  before  each  test,  it  was  impractical  to 
completely  randomize  the  design,  and  in  several  instances  two  or  three  cartridges  were  tested 
under  the  same  environmental  conditions  in  sequence.  Analysis  of  Variance  (ANOVA)  was  still 
applied  to  assess  the  effects  of  each  treatment,  recognizing  that  this  design  did  not  meet  the  strict 
statistical  requirements  for  using  that  type  of  analysis. 

For  the  first  null  hypothesis,  the  model  statement  appears  as  follows: 


Yijk  =  H  +  Ri  +  Cj  +  (RC)ij  +  Eijk 


where 

Yijk  =  Observation  of  breakthrough  time,  in  minutes 

=  Mean  breakthrough  time  for  all  cartridges  tested  at  80%  relative  humidity,  in 
minutes 

Ri  =  Test  relative  humidity  (2  levels:  50%  or  80%) 

Cj  =  Challenge  concentration  of  JP-8  vapor  (3  levels:  300,  600,  and  1200  ppm) 
(RC)ij  =  Interaction  between  relative  humidity  and  challenge  concentration 
£jj^  =  Experimental  error 

A  model  statement  for  the  second  null  hypothesis  is  shown  below: 


Yijk  =  Jl  +  Pi  +  Cj  +  (PC)ij  +  Eijk 


where 


Yijk  =  Observation  of  breakthrough  time,  in  minutes 
^  =  Mean  breakthrough  time  for  all  cartridges  tested  at  80%  relative  humidity,  in 
minutes 

Pi  =  Prior  exposure  factor  (2  levels:  no  prior  exposure  and  prior  exposure) 

Cj  =  Challenge  concentration  of  JP-8  fuel  vapor  (300, 600,  or  1200  ppm) 

(PC)ii  =  Interaction  between  prior  exposure  and  challenge  concentration  treatments 
£jj^  =  Experimental  error 
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3.2.2.  Hypothesis  3 

The  null  hypothesis  was  tested  through  regression  analysis  of  the  breakthrough  times  vs. 
challenge  concentrations.  No  additional  data  collection  was  necessary. 

3.3.  Equipment  configuration 

3.3.1.  General  description 

The  basic  approach  for  conducting  the  breakthrough  studies  involved  producing  a  known  and 
controllable  concentration  of  JP-8  vapor,  attempting  to  vaporize  the  more  volatile  components 
while  allowing  the  less  volatile  compounds  to  remain  in  liquid  form.  The  generated  air 
stream/fuel  vapor  mix  was  controlled  for  temperature  and  humidity  conditions,  and  subsequendy 
fed  into  a  holding  chamber  where  it  was  pushed  through  the  organic  vapor  cartridge.  Air  flow 
was  exhausted  into  a  ventilated  fume  hood.  The  general  test  system  configuration  is  depicted  in 
the  block  diagram  below  (Figure  3-2). 
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Figure  3-2.  Test  system  configuration. 
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The  vapor  generation  process  involved  passing  air  controlled  for  temperature,  humidity,  and  now 
rate  through  the  bottom  of  a  glass  packed  column  filled  with  glass  beads  ranging  in  diameter 
between  0.1  cm  and  0.4  cm.  Jet  fuel  was  injected  into  the  top  of  the  column  through  a  distillation 
head  at  a  constant  flow  rate  for  a  given  target  vapor  concentration  via  a  Cole-Parmer  74900  series 
(S/N  8573)  syringe  pump  (Cole-Parmer  Instrument  Co.,  Vernon  Hills,  IL)  equipped  with  two 
Hamilton  100-mL  Gastight®  syringes  (part  number  1100)  with  teflon  leur  locks  (Hamilton 
Company,  Reno,  NV).  Fuel  entering  the  column  dispersed  across  the  glass  beads,  increasing  the 
surface  area  of  the  liquid  fuel  and  increasing  the  efficiency  of  evaporation.  Flow  rates  of  fuel 
injected  into  the  column  were  set  to  1,  2,  and  4  mL/min  for  the  300,  600,  and  1200  ppm 
challenge  concentrations,  respectively. 
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As  the  air  flowed  counter-currently  through  the  packed  column,  the  concentration  of  fuel  vapor 
continued  to  increase  until  it  passed  out  of  the  top  of  the  column  through  the  side  of  the 
distillation  head.  The  fuel  vapor-enriched  air  was  then  fed  through  polyethylene  tubing  into  a 
plenum  flask,  which  acted  as  a  liquid  trap  for  any  condensing  fuel  (and  doubled  as  a  temperature, 
humidity,  and  concentration  monitoring  point  when  necessary).  Liquid  that  did  not  evaporate, 
e.g.  the  less  volatile  components,  dripped  through  the  bottom  of  the  column  and  was  collected  in 
an  Erlenmeyer  flask  at  its  base. 

The  saturated  air  then  entered  into  a  28-liter  Plexiglass®  chamber.  The  organic  vapor  cartridge  to 
be  tested  was  attached  to  a  matching  cartridge  holder  and  was  immersed  into  the  chamber.  Air 
flowed  through  the  cartridge  and  exited  the  other  side  through  a  4-cm  inner  diameter  glass  tube. 

Adjustments  to  the  fuel  vapor  concentration  entering  the  chamber  were  made  by  mixing  the 
saturated  air  with  fresh  air  from  the  air  flow  controller.  A  combination  of  y-splitters  and  needle 
valves  allow  the  ratios  to  be  adjusted  accordingly  to  achieve  the  target  challenge  concentration  of 
300, 600,  and  1200  ppm. 

3.3,2.  Temperature,  humidity,  and  airflow  rate  control 

A  Miller-Nelson  controller  (Miller-Nelson  Research,  Inc.,  Monterey,  CA),  model  no.  HCS-301, 
S/N  97626,  was  used  to  provide  a  constant  flow  of  temperature  and  humidity  controlled  air. 

Heat  losses  were  encountered;  therefore,  it  was  necessary  to  insulate  connecting  tubing  and  to  add 
energy  at  four  different  locations:  (1)  a  250-watt  infrared  heat  lamp  was  placed  25  cm  from  the 
glass  needle  valve  and  rotameter  to  avoid  any  water  vapor  condensation  within  those 
components;  (2)  the  packed  column  was  wrapped  with  1.25  meters  of  4  cm-wide  Mylar®  heat  tape 
(maximum  power  rating  of  20  watts  per  meter);  (3)  a  heating  mantle  was  placed  under  the  3-neck 
plenum  flask  to  minimise  the  potential  for  fuel  and  water  vapor  condensation  (maximum  power 
rating  of  270  watts);  and  (4)  2  meters  of  plumber’s  heat  tape  was  wrapped  around  the  respirator 
chamber  (power  rating  unknown).  The  Mylar®  heat  tape,  heating  mantle,  and  plumber’s  heat  tape 
were  each  connected  to  separate  variable  AC  power  supplies  to  enhance  controllability  at  each 
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position.  A  water-jacketed  temperature  control  methodology  would  have  allowed  less  user 
intervention  and  more  precision,  but  at  greater  expense.  The  methods  used  provided  adequate 
temperature  stability  when  monitored  and  adjusted  periodically  throughout  each  testing  period. 

The  chamber  temperature  was  maintained  at  25±1.5  °C  for  all  tests.  Relative  humidity  was 
controlled  within  ±2  percent  for  both  the  50  and  80  percent  relative  humidity  test  conditions. 

3JJ.  JP'8  vapor  generation 

The  infusion  pump,  equipped  with  two  100  mL  syringes,  provided  a  constant  flow  rate  of  fresh 
fuel  into  the  packed  column.  Flow  rates  were  between  1.0  mL/min  and  4.0  mL/min,  depending 
on  the  desired  concentration  in  the  cartridge  testing  chamber. 

The  packed  column  and  head,  along  with  connection  joints  on  the  plenum  flask  and  the 
Edenmeyer  flask,  were  custom-constmcted  by  the  West  Virghia  University  Chemistry 
Department’s  resident  glassblower.  The  column  was  58  cm  in  length  and  had  an  inner  diameter 
of  34  mm.  It  was  fitted  with  a  tight-fitting  glass  joint  on  the  bottom  to  permit  a  snug  connection 
with  the  3  liter  Edenmeyer  flask,  which  was  modified  to  include  a  matching  joint.  The  top  of  the 
column  contained  a  receiving  joint,  into  which  the  custom  distillation  head  was  inserted.  Fuel 
flowed  directly  into  the  top  of  the  packed  head  via  a  short  glass  tube  inserted  through  a  rubber 
stopper.  The  bottom  joint  of  the  packed  column,  and  the  joint  of  the  distillation  head,  were  both 
wrapped  with  Teflon®  tape  to  ensure  no  leakage  of  air,  vapor,  or  liquid  occurred  and  to  avoid 
bonding  of  the  ground  glass  joints. 

The  air  exited  the  column  through  the  side  of  the  distillation  head  and  flowed  into  a  1 -liter  3-neck 
plenum  flask.  The  flask  was  intended  to  act  as  a  liquid  trap  in  the  event  any  condensation  of  fuel 
or  water  vapor  would  result  at  any  time  during  the  initial  configuration  and  active  cartridge  testing 
phases,  but  also  added  the  flexibility  to  monitor  the  temperature,  humidity,  and  vapor 
concentration  directly  leaving  the  column  and  prior  to  entering  the  cartridge  testing  chamber. 
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Figure  3-4.  Custom  distillation  head  inserted  into  top  of  packed  column. 


Concentrations  of  fuel  vapor  were  maintained  within  ±5  percent  of  the  target  concentration  for 
all  test  conditions.  If  the  concentration  was  found  to  be  outside  of  this  range  during  any 
breakthrough  test,  the  test  was  terminated  and  the  data  excluded  from  analysis. 

3,3.4.  Measurements 

3.3.4. 1.  Temperature  and  relative  humidity 

Temperature  and  relative  humidity  levels  were  monitored  inside  the  cartridge  testing  chamber 
with  a  Digital  Hygrometer/Thermometer  (Control  Company,  Friendswood,  TX).  The  probe  was 
inserted  to  a  depth  of  approximately  5  cm  into  the  top  of  the  chamber.  Calibration  of  the 
instrument’s  response  for  relative  humidity  was  verified  using  a  saturated  lithium  chloride  salt 
solution  reference  method  for  the  low  relative  humidity  calibration  point  (12.2  percent  at  22  °C), 
and  a  saturated  sodium  chloride  salt  solution  reference  method  for  the  high  relative  humidity  level 
(75.6  percent  at  22  ^C). 

3. 3. 4.2.  Fuel  vapor  monitoring 

Two  primary  mechanisms  were  used  to  measure  vapor  concentrations  within  the  chamber  and  on 
the  exit  side  of  the  cartridge.  Direct  reading  measurements  were  taken  with  a  portable  Flame 
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Ionization  Detector  (FID),  and  time-weighted  average  measurements  were  taken  using  coconut 
shell  solid  sorbent  charcoal  tubes. 

Flame  Ionization  Detector 

A  Foxboro®  TVA-IOOOB  (The  Foxboro  Company,  Foxboro,  1VL4),  which  is  a  portable  vapor 
analyzer  with  a  photoionization  detector  (PID)  and  FID,  was  used  in  the  FID  monitoring  mode 
to  periodically  confirm  that  the  challenge  concentration  inside  the  chamber  had  reached  the 
desired  steady-state  concentration.  The  same  FID  was  used  to  monitor  breakthrough 
concentrations.  The  FID  was  zeroed  by  drawing  ambient  laboratory  air  through  a  clean  charcoal 
sampling  tube  connected  to  the  sampling  probe.  Calibration  was  performed  using  pentane  at 
7500  ppm  (CALGAZ™,  from  Air  liquide  America  Corp.,  Cambridge,  MD). 

During  preliminary  testing  with  this  device,  several  problems  and  questions  were  identified 
concerning  the  use  of  this  instrument  with  jet  fuel  vapors.  It  w^as  noted  that  after  continuously 
exposing  the  instrument  to  a  high  level  of  fuel  vapor  in  the  chamber,  upon  removal  from  the 
chamber,  the  TVA-IOOOB  required  in  excess  of  60  minutes  to  return  to  a  “zero”  reading. 
Continued  testing  led  to  the  conclusion  that  the  water  trap  filter,  which  was  attached  to  the  end  of 
the  sampling  probe,  was  adsorbing  or  absorbing  a  measurable  amount  of  fuel  vapor  and 
desorbing  throughout  the  sampling  train  during  periods  of  reduced  exposure  levels.  To  avoid  this 
problem,  an  external  TSI  Portacount®  HEPA  filter,  part  number  1602066  (TSI,  Inc.,  St  Paul, 

MN)  was  added  to  the  tip  of  the  probe  and  was  tested  to  ensure  minimal  adsorption  occurred.  A 
separate  external  filter  was  used  at  each  challenge  concentration.  However,  even  with  an  external 
filter  in  place,  the  instrument  still  required  between  10  and  15  minutes  to  recover  from  a  high- 
level  exposure  to  fuel  vapor  in  the  chamber.  Therefore,  it  became  necessary  to  ensure  the 
instrument  was  allowed  adequate  time  to  “re-zero”  itself  after  monitoring  the  chamber 
concentration. 
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Charcoal  Tube  Sampling 


NIOSH  Method  1550  documents  a  technique  for  measuring  naphthas,  the  lighter-fraction 
components  of  JP-8  that  dominate  the  composition  of  fuel  vapor  near  the  test  temperature 
conditions.  This  method  uses  a  100  mg  front  /  50  mg  back  coconut  shell  charcoal  solid  sorbent 
tube  with  collection  flow  rates  of  between  0.01  and  0.2  LPM.  It  has  a  working  range  of  100  to 
2000  mg/m’  for  a  5  liter  air  sample.  As  presented  in  NIOSH  Method  1550,  the  working  range 
does  not  adequately  cover  the  higher  concentrations  measured  during  this  study.  Therefore,  the 
author  consulted  with  the  NIOSH  Mediod  1550  validation  team  to  determine  if  using  a  higher 
capacity  charcoal  tube  would  be  an  acceptable  alteration.  The  validation  team  indicated  that  a  400 
mg  front  /  200  mg  back  charcoal  tube  would  be  acceptable  for  monitoring  higher  concentrations, 
with  some  modifications  to  the  analysis  protocol  to  account  for  the  additional  mass  of  adsorbate. 

The  modified  NIOSH  Method  1550  was  used  to  collect  time-weighted  average  fuel  vapor 
concentrations  only  within  the  respirator  chamber  during  breakthrough  tests.  Sampling  was 
conducted  at  approximately  30  mL/min  using  an  SKC  personal  sampling  pump  with  a  low-flow 
rate  adapter.  The  pump  was  calibrated  before  and  after  each  test  with  a  BIOS  International 
DryCal  DC-2  Flow  Calibrator  (Base  S/N  B-757)  and  an  accompanying  low  flow  cell,  part  number 
DC-ILC,  S/N  1131  (BIOS  International,  Butler,  NJ). 

3. 3.4.3.  Cartridge  mights 

To  determine  the  mass  of  water  vapor  and  fuel  adsorbed  by  the  carbon,  each  cartridge  was 
weighed  upon  removal  from  its  packaging,  after  preconditioning,  after  prior  exposure  to  fuel 
vapor  (when  applicable),  and  upon  completion  of  its  test  for  breakthrough.  Cartridges  were 
weighed  using  a  Metder  AE  163  Electronic  Balance,  S/N  B96156  (Metder  Toledo,  Toledo,  OH) 
with  a  precision  of  ±0.1  mg. 
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3.4.  Test  parameters  and  procedures 

3.4. 1.  Pre-Conditioning 

All  cartridges  were  preconditioned  at  25  °C  and  80  percent  relative  humidity  for  a  6-hour  period. 
32  LPM  of  air  was  passed  through  each  cartridge,  which  were  placed  (in  pairs)  within  the 
respirator  chamber  (Figure  3-5).  The  air  flow  tubing  from  the  Miller-Nelson  controller  fed 
directly  into  the  respirator  chamber  at  64  liters  per  minute.  Since  the  laboratory  ambient 
temperatures  were  lower  than  the  desired  pre-conditioning  temperature  of  25  °C,  the  Miller- 
Nelson  controller  was  adjusted  to  compensate  for  heat  loss  within  the  air  flow  tubing.  Air  exited 
the  MiUer-Nelson  controller  at  approximately  32  °C  and  53  percent  relative  humidity,  which  is 
equivalent  to  25  °C  at  80  percent  relative  humidity. 

Figure  3-5.  Configuration  of  cartridges  inside  chamber  for 
pre-conditioning  at  80%  reiative  humidity. 


Actual  settings  for  the  Miller-Nelson  controller  were  as  follows; 


Table  3-1.  System  parameter  settings  for  cartridge  pre-conditioning  with  32  liters 
per  minute  of  air  at  25  °C  and  80  percent  relative  humidity.  Temperature  and 
relative  humidity  settings  are  expressed  as  approximate  ranges  of  setting  pairs  (A 
and  B),  since  ambient  laboratory  temperature  conditions  affected  the  temperature 
being  delivered  to  the  respirator  testing  chamber.  Periodic  adjustments  were  made 
to  achieve  a  monitored  temperature  of  25  °C  and  relative  humidity  level  of  80 
percent  within  the  chamber. 


Parameter 

Dial  setting 

Miller-Nelson  controller  flow  rate  setting 
Miller-Nelson  controller  temperature  setting 
Miller-Nelson  controller  relative  humidity  setting 

64.0 

32.3<^>to40.0^®’ 

47.0<^>to29.0<®> 

Periodic  adjustments  to  the  controller  temperature  and  humidity  dial  positions  were  made  to 
compensate  for  changing  ambient  conditions,  particularly  during  the  University’s  transition  from 
winter  to  summer  HVAC  settings.  Instead  of  making  major  changes  to  the  system  temperature 
and  humidity  settings,  the  laboratory  ambient  temperature  was  adjusted  whenever  possible. 
During  a  period  in  which  the  laboratory  ait  conditioning  system  was  inoperable,  testing  was 
postponed  until  the  HVAC  system  was  active  again.  In  all  cases,  adjustments  were  made  such 
that  pairs  of  temperature  and  relative  humidity  settings  yielded  a  monitored  temperature  and 
humidity  level  of  25  °C  and  80  percent  relative  humidity  within  the  respirator  testing  chamber, 
equivalent  to  a  dew  point  of  21.3  °C. 

After  pre-conditioning,  each  cartridge  was  placed  in  a  sealed  Ziploc®  bag  to  prevent  water  weight 
loss  until  the  prior  exposure  procedure  or  breakthrough  test  began.  Elapsed  time  from  cartndge 
pre-conditioning  and  testing  ranged  from  6  hours  to  72  hours. 

3.4.2.  Prior  exposure 

Pre-exposed  cartridges  were  first  pre-conditioned  as  described  above,  and  were  then  placed  in  a 
cartridge  holder  that  allowed  the  cartridge  face  0nlet)  to  be  exposed  to  fuel  vapor  and  humidified 
air  in  the  chamber.  Cartridge  holders  were  sealed  with  hot  glue  on  the  reverse  side  to  prevent  the 
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outlet  side  of  the  cartridge  from  being  exposed  to  chamber  air.  These  cartridges  were  then  placed 
in  groups  of  three  to  five  cartridges  in  the  chamber  and  exposed  to  25  °C  air  at  1200  ppm  and  80 
percent  relative  humidity  for  8  hours,  equivalent  to  a  standard  fiiU-shift  work  exposure. 

General  parameter  settings  for  each  of  the  control  inputs  are  shown  in  Table  3-2.  Periodic 
adjustments  to  the  temperature  control  and  relative  humidity  settings  were  necessary  depending 
on  the  changing  ambient  laboratory  temperature  conditions  and  the  associated  drift  in  system 
temperature,  humidity,  and  vapor  concentration.  In  all  cases,  adjustments  were  made  such  that 
pairs  of  temperature  and  relative  humidity  settings  yielded  a  monitored  temperature  and  humidity 
level  of  25  °C  and  80  percent  relative  humidity  within  the  respirator  testing  chamber. 


Table  3-2.  System  parameter  settings  during  prior  exposure  of  cartridges  to 
25  "C  air  at  80%  relative  humidity  and  1200  ppm  JP-8  vapor.  Temperature 
and  relative  humidity  settings  are  expressed  as  approximate  ranges  of 
setting  pairs  (A  and  B),  since  ambient  laboratory  temperature  conditions 
affected  the  temperature  being  delivered  to  the  respirator  testing  chamber. 
Periodic  adjustments  were  made  to  achieve  a  monitored  temperature  of  25 
“C  and  relative  humidity  level  of  80  percent  within  the  chamber. 


Parameter 

Setting 

Miller-Nelson  controller:  flow  rate  (LPM) 
Miller-Nelson  controller  temperature  (‘’C) 
Miller-Nelson  controller  relative  humidity  (%) 

Fuel  flow  rate  into  packed  column  (mL/min) 

Air  flow  rate  through  column  (LPM) 

Column  heat  tape  rheostat  voltage  (Volts) 

Flask  heating  mantle  rheostat  voltage  (Volts) 
Chamber  heat  tape  rheostat  voltage  (Volts) _ 

9.0 

32.3^'^4o40.0<®> 

47.0<'^*to29.0*®> 

1.0 

4.7 

70 

15 

30 

After  prior  exposure,  each  cartridge  was  stored  in  a  sealed  Ziploc®  bag  awaiting  its  breakthrough 
test  Elapsed  time  between  pre-exposure  and  testing  ranged  from  6  to  72  hours. 

3.4.3.  Breakthrough  tests 

Cartridges  were  tested  at  three  concentrations  (300,  600,  and  1200  ppm)  and  two  test  relative 
humidity  levels  (50  and  80  percent),  requiring  six  sets  of  operating  parameters  (see  Table  3-3). 
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Achieving  these  concentrations  at  equilibrium  conditions  usually  required  between  one  and  two 
hours  of  warm-up  time.  During  warm-up,  each  component  was  allowed  to  equilibrate  to  its 
desired  temperature;  the  packed  column  became  saturated  with  liquid  fuel,  ensuring  a  steady-state 
liquid  flow  rate  across  the  glass  beads;  and  the  TVA-IOOOB  was  given  time  to  recover  to  zero 
following  measurement  of  the  chamber  concentration. 

As  mentioned  previously,  some  minor  adjustments  to  the  temperature  control  settings  and  flow 
rates  were  necessary,  depending  on  the  changing  laboratory  temperature  conditions  and  the 
associated  drift  in  system  temperature,  humidity,  and  vapor  concentration;  for  this  reason.  Table 
3-3  expresses  the  temperature  and  relative  humidity  dial  positions  as  pairs  of  settings. 

Additionally,  the  settings  indicated  on  the  MUler-Nelson  controller  indicate  approximate  air  flow’ 
feed  conditions  from  the  controller  itself  but  do  not  reflect  the  actual  flow  rate  through  and 
temperature  and  relative  humidity  inside  the  respirator  testing  chamber  as  a  result  of  temperature 
drops  in  the  system  air  combined  with  heat  losses  throughout  the  system.  To  compensate  for 
this,  chamber  temperature  and  humidity  were  continuously  verified  throughout  the  duration  of 
each  breakthrough  test,  and  air  flow  through  the  system  was  checked  periodically  by  measuring 
the  air  flow  through  an  exit  port  of  the  respirator  chamber  with  a  BIOS  International  DryCal  DC- 
2  Flow  Calibrator,  base  S/N  B-757,  and  an  accompanying  high  flow  cell,  part  number  DC-IHC, 
S/N  1454  (BIOS  International,  Butler,  NJ). 
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Table  3-3.  System  configuration  settings  used  during  cartridge 
breakthrough  testing.  Temperature  and  relative  humidity  settings 
are  expressed  as  approximate  ranges  of  setting  pairs  (A  &  B, 
and  C  &  D),  since  ambient  laboratory  temperature  conditions 
affected  the  temperature  being  delivered  to  the  respirator 
chamber.  Periodic  adjustments  were  made  to  achieve  a 
monitored  temperature  of  25  °C  and  relative  humidity  level  of  50 
or  80  percent  within  the  respirator  testing  chamber. 


Parameter 

HU 

IMjll 

Miller-Nelson  controller: 
flow  rate  (LPM)  dial 
setting 

35.1 

Miller-Nelson  controller 
temperature  (”C)  dial 
setting 

33.0^''’  to  40.0<®> 

oo.o'*^’  to  40.0<°’ 

Miller-Nelson  controller 
relative  humidity  (%) 
dial  setting 

27.8^''’ to 

47.0'*^’  to  29.0'°’ 

Fuel  flow  rate  into 
packed  column 
(mL/min) 

1.0 

2.0 

4.0 

1.0 

2.0 

4.0 

Air  flow  rate  through 
packed  column 
(LPM) 

4.7 

8.8 

18.0 

4.7 

8.8 

18.0 

Column  heat  tape 
rheostat  voltage 
(Volts) 

70 

Flask  heating  mantle 
rheostat  voltage 
(Volts) 

15 

Chamber  heat  tape 
rheostat  voltage 
(Volts) 

4 

The  breakthrough  testing  followed  the  general  procedures  given  below: 

1 .  G^nfigure  the  testing  S3^tem  to  the  parameters  shown  in  Table  3-3. 

2.  Zero  and  calibrate  the  TV'^A-IOOOB  to  7500  ppm  pentane. 

3.  After  approximate!}’  one  hour,  begin  monitoring  the  chamber  temperature,  humidity,  and 
concentration.  Perform  minor  adjustments  as  needed,  waiting  10  to  15  minutes  after  each 
adjustment  to  ensure  stability  has  been  achieved. 
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4.  Once  the  system  has  reached  equilibrium,  remove  TVA  probe  from  the  chamber  and 
allow  it  to  re-zero. 

5.  Remove  cartridge  from  the  Ziploc  bag  and  place  it  in  the  cartridge  holder.  Open  the 
chamber,  put  the  holder  in  place,  plug  the  top  of  the  cartridge  holder,  and  seal  the  chamber 
opening  with  rope  caulk.  Close  chamber  door  and  wait  5  to  10  minutes  for  the  chamber  to 
equilibrate. 

6.  Initiate  the  breakthrough  test  by  removing  the  cartridge  holder  plug.  Immediately  place 
TVA-IOOOB  probe  inside  outlet  end  of  cartridge  holder  and  begin  TVA  data  lo^;ing;  insert 
charcoal  tube  into  chamber  and  start  sampling  pump;  and  manually  log  temperature  and 
humidity. 

7.  Monitor  chamber  concentration,  temperature,  and  relative  humidity  approximately  every 
hour  (or  sooner  when  possible)  to  ensure  stability  at  the  desired  challenge  concentration.  If 
the  concentration  or  other  conditions  have  changed,  modify  column  air  flow  rate,  system 
temperature  settings,  and  humidity  level  as  necessary.  After  monitoring  the  chamber,  remove 
the  TVA-IOOOB  sampling  probe  and  allow  it  to  recover  to  a  reading  of  less  than  5  ppm 
exposed  to  ambient  laboratory  air,  then  continue  monitoring  and  data  losing  the 
breakthrough  concentration  on  the  outlet  end  of  the  cartridge  holder. 

8.  Once  the  breakthrough  concentration  reaches  20  percent  of  the  challenge  concentration, 
remove  the  TVA-IOOOB  probe,  terminate  data  lo^ng,  stop  sampling  pump,  remove  charcoal 
tube,  and  re-plug  the  cartridge  holder. 

9.  Remove  cartridge  from  the  chamber  and  weigh  it.  Cartridge  may  be  discarded  once 
testing  is  completed. 

10.  At  the  end  of  testing,  post-calibrate  the  sampling  pump  and  cap  the  charcoal  tube.  Re¬ 
span  and  re-zero  the  TVA-IOOOB. 

3.5.  Data  reduction  and  analysis  methodology 

Data-lojged  breakthrough  concentrations  in  the  TVA-IOOOB  were  transferred  via  serial  cable  into 
the  Foxboro  data  logging  software  on  an  Intel-based  PC  and  were  subsequently  imported  into 
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Microsoft  Excel®  97  spreadsheet  software.  Microsoft  Excel®  was  then  used  to  restructure  lo^d 
concentrations  data  to  enable  further  graphical  analysis  and  to  export  data  sets  readable  in  a  PC- 
based  statistical  analysis  tool,  the  SAS  Institute,  Inc.’s  St^S/STAT®  software.  A  summary  chart 
was  developed  to  identify  various  breakthrough  times  for  each  test,  specifically  at  the  1%,  5%, 
10%,  and  20%  of  challenge  concentration  points;  for  the  current  Air  Force  8-hour  Occupational 
Exposure  Limit  of  50  ppm;  and  for  the  proposed  ACGIH  8-hour  Time-Weighted  Average  TLV® 
of  14  ppm. 

The  null  hypotheses  1  and  2  (effects  of  relative  humidity  and  prior  exposure)  were  both  tested  at 
the  10  percent  of  challenge  concentration  breakthrough  time.  This  percentage  value  was  selected 
since  it  is  the  mid-point  of  the  breakthrough  range  sampled,  and  is  a  concentration  that  has  been 
frequently  tested  in  the  literature.  Testing  the  hypotheses  first  required  assessing  the  distribution 
normality  of  the  five  data  points  in  each  cell,  and  then  determining  the  homogeneity  of  variance 
(HOV)  for  each  cell  relative  to  the  other  five  cells  in  its  data  set.  Normality  of  breakthrough 
times  was  verified  using  the  SAS/STAT^  PROG  UNIVARIATE  procedure,  and  homogeneity  of 
breakthrough  time  variance  among  cells  via  Levene’s  test  for  equality  of  variance. 

Differences  in  mean  breakthrough  times  were  compared  between  each  cell  via  Tuke/s  “Honestly 
Significant  Difference”  (HSD)  test.  The  Tukey  test  facilitates  a  mean  breakthrough  time 
comparison  between  the  six  cells  in  each  data  set  (for  a  total  of  15  comparisons).  If  the  interaction 
between  independent  variables  was  found  to  be  significant,  a  blocked  means  comparison  was 
accomplished  between  the  six  cells  (for  a  total  of  9  comparison  tests).  The  Tukey  HSD  test 
controls  the  experimentwise  alpha  to  a  constant  by  reducing  the  alpha  value  used  in  each  cell 
comparison,  thereby  minimiziog  the  risk  of  committing  a  Type  I  error  (at  the  risk  of  allowing  the 
Type  II  error  to  increase). 

Once  normality  and  homogeneity  of  variance  were  established,  a  General  linearized  Model  (the 
SAS/STAl®  PROG  GLM  procedure)  provided  an  assessment  of  the  impact  of  each  treatment 
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(relative  humidity,  prior  exposure,  and  concentration)  on  the  dependent  variable  (breakthrough 
time). 

Characterking  the  relationship  between  the  challenge  concentration  and  breakthrough  time  was 
assessed  by  examining  the  Yoon  and  Nelson  equation  and  the  Wood  model  (see  Section  2.6.1) 
and  attempting  to  empirically  fit  the  data  sets  to  a  generalized  form  of  these  equations.  A 
generalized  form  of  the  Yoon  and  Nelson  equation  was  declared  in  a  curve  fitting  software 
package  and  tested  for  fit  against  the  mean  1%,  5%,  10%,  and  20%  breakthrough  points  for  each 
treatment 

Microsoft  Excel®  and  Oakdale  Engineering’s  DataFit  software  (Oakdale  Engineering,  Oakdale, 
PA)  were  used  to  provide  the  graphical  analysis  and  regression  tools  to  assess  this  relationship. 

A  form  of  Wood’s  relative  humidity  model  (see  Section  2.6.1)  was  compared  to  the  50  and  80 
percent  relative  humidity  (no  prior  exposure)  data  sets  to  examine  the  relationship  between  them 
at  each  challenge  concentration  and  throughout  the  duration  of  the  breakthrough  curve.  The 
mean  breakthrough  time  for  the  1%,  5%,  10%,  and  20%  breakthrough  points  of  the  80  percent 
relative  humidity  condition  were  divided  by  the  equivalent  mean  breakthrough  time  of  the  50 
percent  relative  humidity  condition  for  each  of  the  three  challenge  concentrations.  This  yielded  a 
ratio  simikr  in  concept  to  Wood’s  relative  humidity  model.  The  ratios  were  then  plotted  against 
the  breakthrough  percentage  to  identify  any  trends  that  result  across  the  breakthrough  curve  and 
between  challenge  concentrations. 
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Chapter  4.  RESULTS 


4.1.  Breakthrough  testing  data 

Appendix  A  contains  a  listing  of  the  concentrations  recorded  by  the  TVA-IOOOB  during  each 
cartridge  test.  A  summary  of  the  time  required  for  breakthrough  of  1%,  5%,  10%,  and  20%  of 
the  challenge  concentration,  and  the  proposed  ACGIH  TLV®  and  current  Air  Force  OEL,  is 
presented  in  Tables  4-4  through  4-6  for  each  cartridge  tested.  The  tables  also  include  the  mean 
breakthrough  times,  standard  deviations,  and  the  95*  percentile  upper  and  lower  confidence  limits 
(2-sided)  for  each  breakthrough  point. 

4.2.  Charcoal  tube  sampling  results 

Respirator  chamber  concentrations  of  fuel  vapor  were  monitored  using  a  modified  version  of  the 
NIOSH  1550  Sampling  Method  for  naphthas  (see  Appendix  B).  Table  4-1  provides  a  summary 
of  chamber  concentrations  measured  with  the  modified  NIOSH  1550  Sampling  Method,  and 
compares  these  concentrations  to  the  taiget  concentration.  The  respirator  chamber  concentration 
was  monitored  with  the  Foxboro  TVA-IOOOB  portable  FID  at  the  start  and  end  of  each  test  and 
intermittently  throughout  to  ensure  stability  within  ±5%  of  the  target  concentration. 

These  results  indicate  that  with  the  TVA-IOOOB  calibrated  to  7500  ppm  of  pentane  gas,  a 
measured  concentration  of  1  mg/m"*  of  fuel  vapor  (via  the  modified  NIOSH  1550  Method)  is 
approximately  equivalent  to  between  0.152  and  0.1 59  ppm  as  reported  by  the  TVA-IOOOB. 

The  range  of  concentrations  measured  at  each  challenge  level  is  somewhat  greater  than  the  ±5% 
concentration  targeted  with  the  TVA-IOOOB.  At  300  ppm,  the  range  spans  from  12.6%  below  to 
22.6%  above  the  mean;  at  600  ppm,  the  range  covers  11.2%  below  to  9.8%  above  the  mean 
concentration;  and  at  1200  ppm,  the  range  covers  from  6.0%  below  to  12.8%  above  the  mean 
concentration. 
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Table  4-1.  Summary  table  of  charcoal  tube  sampling  results, 
comparing  target  concentration  (measured  with  Foxboro  TVA- 
1000B  Portable  Flame  Ionization  Detector)  to  values  measured 
via  modified  NIOSH  1550  Sampling  Method. 


Target  concentration 
(ppm),  per  TVA-IOOOB 

Mean 

(mg/m3) 

Minimum 

(mg/m®) 

Maximum 

(mg/m®) 

a 

Measured  ppm 
per  mg/m® 

300 

1980 

1730 

2170 

152 

0.152 

600 

3780 

3410 

4200 

200 

0.159 

1200 

7570 

7120 

8540 

360 

0.158 

Since  rhis  method  has  not  been  fully  validated  and  compared  to  TVA-IOOOB  monitoring  results, 
these  data  will  not  be  used  for  analysis  of  cartridge  breakthrough  times.  However,  they  are 
available  for  documentation  and  possible  future  analysis. 

4.3.  Cartridge  weight  change 

A  table  listing  the  change  in  cartridge  weight  resulting  from  pre-conditioning  to  80  percent 
relative  hxamidity,  prior  exposure  to  fuel  vapor  and  high  humidity,  and  the  cartndge  testing 
activities  is  provided  in  Appendix  C.  A  summary  is  provided  in  Table  4-2  below: 


Table  4-2.  Summary  of  total  mean  cartridge  weight  gains  (in 
grams)  for  each  treatment  condition. 


Concentration 

M  (no  prior) 

80  (no  prior) 

80  (prior) 

300 

17.3 

21.0 

21.3 

600 

19.2 

25.7 

25.8 

1200 

23.7 

27.3 

27.0 

Each  cartridge  test  was  terminated  when  20  percent  of  the  challenge  concentration  was  measured 
exiting  the  cartridge.  Therefore,  the  weight  gain  would  be  expected  to  be  greater  at  the  high 
challenge  concentrations,  and  this  was  the  case.  Likewise,  the  higher  relative  humidity  levels  of  80 
percent  yielded  a  higher  total  cartridge  weight  gain  when  compared  to  the  50  percent  relative 
humidity  test  condition. 


49 


A.  50  p„c.„,  .dative  and  25  »C,  ai.  contitina  app,odma„ly  1 ,  5  ™/,  „f 

«PP«dy  ,8.4  „g/L  a,  80  pe,cen.  .dative  h„„adi,y  »  WiL  7“  7”’ 

sampling  data  reported  in  Section  4  2  above  a  t<,Kl  f  the 

floating ti..„„^  each  ca.^dgepe.„ti„«e 

ge  per  minute  was  constructed  (Table  4-3), 


CD 

B  0.4 

CD 


tested  conditions  ^or'challenoe*^  cartridge  per  minute  at 
humidify,  with  air  flow  rate  set  at  32 


Challenge 

concentration 

300  ppm 


600  ppm 


1200  ppm 


50%  relative 

humidity _ 

Wafer:  0.37  g 
JP-8:  0.07  g 

Total;  0.44  g 

Wafer:  0.37  g 
JP-8;  0.14  g 

Total;  0.51  g 

Water;  0.37  g 
JP-8;  0.27  g 
Total:  0.fi4  n 


80%  relative 

humidity _ 

Water;  0.59  g 

JP-8;  0.07  g 

Total;  0.66  g 


Water;  0.59  g 

JP-8:  0.27  g 

■  Total:  O.fifi  n 


p*  »»^^cii.  g 


l*50%~^ 
^0%  RH 


200  400  600  800  10o7~~;;^rWoO 

Challenge  concentration  (ppm) 


Figure  4-1  shows  that  based  on  measured  sampling  data,  as  the  challenge  concentration  increases, 
the  mass  flow  through  the  cartridge  increases  with  an  approximately  linear  relationship  to  the 
challenge  concentration,  and  raising  the  relative  humidity  level  from  50  percent  to  80  percent 
simply  shifts  this  line  upward  by  a  fixed  amount. 

An  examination  of  total  cartridge  weight  gains  also  indicates  an  approximate  linear  relationship 
between  challenge  concentration  and  weight  gain  for  the  50  percent  relative  humidity  test 
condition.  However,  this  relationship  does  not  appear  to  be  linear  for  both  80  percent  relative 
humidity  test  conditions  (Figure  4-2),  with  the  most  significant  weight  change  difference 
occurring  between  the  300  and  600  ppm  challenge  concentrations.  The  reason  for  this  difference 
is  unclear,  but  could  be  related  to  the  loss  in  water  weight  that  may  occur  as  a  result  of 
preconditioning  cartridges  at  80  percent  relative  humidity  and  testing  them  at  50  percent  relative 
humidity. 


Figure  4-2.  Total  average  cartridge  weight  gains  at  20% 
breakthrough  points  for  each  test  condition.  (All  cartridges  were 
preconditioned  for  6  hours  at  80%  relative  humidity  and  25  °C.) 


♦  50%  RH 
■  80%  RH  (no  prior) 
A  80%  RH  (prior) 


Challenge  concentration  (ppm) 


51 


Table  4-4.  Summary  table  of  time  (in  minutes)  to  various 
breakthrough  concentrations  for  50  percent  relative  humidity  (no 
prior  exposure)  test  condition.  All  cartridges  were  preconditioned 
at  25  "C  and  80  percent  relative  humidity  for  six  hours  at  an  air 
flow  rate  of  32  LPM,  and  were  tested  at  25  °C  and  a  flow  rate  of 
32  LPM. 


300  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

46 

171 

204 

221 

234 

203 

230 

49 

185 

206 

219 

231 

205 

227 

55 

- 

216 

229 

242 

214 

238 

56 

- 

219 

232 

245 

217 

241 

74 

171 

226 

243 

259 

224 

255 

Mean 

176 

214 

229 

242 

213 

238 

StdDev 

8.1 

9.2 

9.6 

11.0 

8.7 

11.0 

95%  LCL 

147 

200 

214 

225 

199 

221 

95%  UCL 

205 

229 

244 

259 

226 

255 

600  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

31 

78 

- 

108 

124 

87 

102 

32 

75 

93 

109 

126 

- 

104 

44 

74 

- 

104 

123 

- 

100 

63 

- 

96 

110 

128 

- 

106 

84 

73 

94 

109 

127 

84 

105 

Mean 

75 

94 

108 

126 

86 

103 

StdDev 

2.2 

1.5 

2.3 

2.1 

2.1 

2.4 

95%  LCL 

70 

89 

104 

122 

47 

100 

95%  UCL 

80 

100 

112 

129 

124 

107 

1200  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

36 

41 

52 

59 

67 

42 

51 

39 

39 

48 

52 

57 

40 

47 

54 

40 

52 

57 

66 

41 

51 

72 

39 

48 

52 

59 

40 

47 

73 

44 

55 

60 

68 

45 

54 

Mean 

41 

51 

56 

63 

42 

50 

StdDev 

2.1 

3.0 

3.8 

5.0 

2.1 

3.0 

95%  LCL 

37 

46 

50 

56 

38 

45 

95%  UCL 

44 

56 

62 

71 

45 

55 

52 


Table  4-5.  Summary  table  of  time  (in  minutes)  to  various 
breakthrough  concentrations  for  80  percent  relative  humidity  (no 
prior  exposure)  test  condition.  All  cartridges  were  preconditioned 
at  25  °C  and  80  percent  relative  humidity  for  six  hours  at  an  air 
flow  rate  of  32  LPM,  and  were  tested  at  25  "C  and  a  flow  rate  of 
32  LPM. 


300  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

35 

64 

104 

135 

190 

- 

167 

47 

- 

98 

139 

204 

96 

187 

48 

74 

99 

138 

193 

96 

177 

64 

70 

106 

149 

214 

104 

196 

65 

70 

105 

144 

210 

102 

188 

Mean 

102 

141 

202 

100 

183 

StdDev 

4.1 

3.6 

5.5 

10.4 

4.1 

11.2 

95%  LCL 

61 

97 

132 

186 

91 

165 

95%  UCL 

78 

108 

150 

219 

108 

201 

600  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

34 

- 

76 

92 

116 

68 

88 

45 

- 

67 

85 

109 

57 

79 

62 

55 

72 

93 

117 

63 

- 

70 

50 

69 

90 

112 

58 

83 

80 

60 

78 

97 

107 

68 

92 

Mean 

55 

91 

112 

63 

86 

StdDev 

5.0 

4.3 

5.3 

5.7 

95%  LCL 

37 

105 

55 

74 

95%  UCL 

73 

119 

71 

97 

1200  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

37 

34 

45 

51 

60 

35 

44 

38 

42 

51 

57 

64 

43 

50 

71 

32 

42 

47 

55 

33 

40 

81 

34 

44 

49 

56 

35 

43 

82 

36 

45 

50 

57 

37 

44 

Mean 

36 

45 

51 

58 

37 

44 

StdDev 

3.8 

3.4 

3.8 

3.6 

3.8 

3.6 

95%  LCL 

30 

45 

53 

31 

39 

95%  UCL 

42 

51 

57 

64 

43 

50 

53 


Table  4-6.  Summary  table  of  time  (in  minutes)  to  various 
breakthrough  concentrations  for  80  percent  relative  humidity 
(with  prior  exposure)  test  condition.  All  cartridges  were 
preconditioned  at  25  °C  and  80  percent  relative  humidity  for  six 
hours  at  an  air  flow  rate  of  32  LPM,  followed  by  static  exposure 
to  1200  ppm  of  fuel  vapor  and  80  percent  relative  humidity  at  25 
“C  for  eight  hours.  They  were  then  tested  at  25  "C  and  a  flow 
rate  of  32  LPM. 


300  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

60 

- 

102 

136 

184 

100 

170 

61 

- 

89 

130 

190 

87 

172 

66 

57 

86 

125 

194 

- 

171 

67 

- 

93 

132 

205 

90 

181 

75 

- 

93 

134 

175 

90 

159 

Mean 

57 

93 

131 

190 

92 

171 

StdDev 

- 

6.0 

4.2 

11.2 

5.7 

7.8 

95%  LCL 

- 

83 

125 

172 

80 

158 

95%  UCL 

- 

102 

138 

207 

104 

183 

600  ppm 

Cartridae 

10% 

20% 

TLV 

AFOEL 

57 

43 

59 

77 

101 

- 

- 

58 

45 

63 

84 

111 

- 

78 

59 

41 

63 

83 

106 

- 

78 

68 

45 

63 

79 

101 

55 

- 

69 

49 

66 

85 

110 

57 

78 

Mean 

45 

63 

82 

106 

56 

78 

StdDev 

3.0 

2.5 

3.4 

4.8 

1.4 

0.0 

95%  LCL 

40 

59 

76 

98 

31 

78 

95%  UCL 

49 

67 

87 

113 

81 

78 

1200  ppm 

Cartridae 

1% 

5% 

10% 

20% 

TLV 

AFOEL 

51 

- 

41 

49 

59 

- 

- 

52 

- 

40 

48 

57 

- 

- 

76 

- 

35 

42 

50 

- 

33 

77 

- 

34 

43 

52 

- 

32 

78 

33 

43 

48 

56 

34 

41 

Mean 

33 

39 

46 

55 

34 

35 

StdDev 

- 

3.9 

3.2 

3.7 

- 

4.9 

95%  LCL 

- 

32 

41 

49 

- 

18 

95%  UCL 

” 

45 

51 

61 

53 

54 


4.4.  Initial  observations 


4.4. 1.  Effects  of  relative  humidity  and  prior  exposure  (null  hypotheses  1  and  2) 

Tables  4-4  and  4-5  form  the  basis  for  evaluating  the  first  null  hypothesis.  A  visual  examination  of 
these  data  indicates  a  strong  impact  of  challenge  concentration  on  breakthrough  time,  such  that  a 
higher  challenge  concentration  results  in  a  considerably  shorter  time  to  breakthrough  than  a  lower 
challenge  concentration.  It  is  also  evident  from  the  table  that  there  is  a  reduction  in  mean 
breakthrough  times  when  the  relative  humidity  is  raised  from  50  percent  to  80  percent.  Another 
trend  that  can  be  seen  from  this  table  is  that  at  the  high  challenge  concentration,  relative  humidity 
appears  to  have  litde  impact  on  the  mean  breakthrough  time  yet  is  more  noticeable  at  lower 
challenge  concentrations.  This  is  indicative  of  a  possible  interaction  between  relative  humidity 
and  challenge  concentration. 

A  review  of  Tables  4-5  and  4-6,  which  represent  the  data  set  used  for  evaluating  the  second  null 
hypothesis,  provides  evidence  that  challenge  concentration  has  a  measurable  effect  on 
breakthrough  time,  with  higher  concentrations  resulting  in  shorter  breakthrough  time  than  lower 
concentrations.  It  also  appears  that  prior  exposure  may  slightly  reduce  breakthrough  time. 

The  impacts  of  relative  humidity  and  prior  exposure  can  be  demonstrated  graphically  by  plotting 
curves  of  the  mean  breakthrough  times  (at  the  10%  breakthrough  level)  vs.  the  corresponding 
challenge  concentration  for  each  column  (Figure  4-3). 
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Figure  4-3.  Mean  breakthrough  time  to  10%  of  JP-8  fuel  vapor 
challenge  concentration. 


Challenge  concentration  (parts  per  million) 

4.4.2.  RBlationships  between  breakthrough  concentration  and  time  (null  hypothesis  3) 

Independent  scatter  plots  of  the  breakthrough  concentration  vs.  time  to  breakthrough  were  made 
for  each  relative  humidity  and  prior  exposure  treatment.  Since  there  are  gaps  in  the  continuity  of 
the  data-logged  breakthrough  concentrations  (as  a  result  of  intermediate  chamber  monitoring 
with  the  same  device),  representative  points  along  the  breakthrough  concentration  curve  were 
selected  (1%,  5%,  10%,  and  20%  values  of  the  challenge  concentration)  where  most  data  points 
were  available  for  each  cartridge.  Scatter  plots  are  shown  in  Figures  4-4  through  4-6. 

A  cursory  examination  of  Figure  4-4,  which  shows  the  response  curve  at  the  50%  relative 
humidity  condition,  indicates  an  apparent  non-linearity  in  the  breakthrough  concentration  with 
respect  to  time  over  the  entire  range  of  the  curve.  This  plot  appears  to  resemble  the  lower 
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portion  of  a  typical  sigmoidal  response  curve  often  reported  in  the  literature  for  relative  humidity 
test  conditions  below  65  percent  (see  section  2.6.1). 

However,  the  80  percent  relative  humidity  without  prior  exposure  test  condition  breakthrough 
response  curve  (Figure  4-5)  appears  to  lose  the  clarity  of  the  sigmoidal  response  curve,  appearing 
to  be  linear  particularly  at  the  lowest  challenge  concentration  of  300  ppm.  This  effect  is  also 
apparent  for  the  80  percent  relative  humidity  with  prior  exposure  test  condition  (Figure  4-6). 


Figure  4-4.  Scatter  plot  of  breakthrough  times  for  50%  relative  humidity 
condition  and  no  prior  exposure  to  fuel  vapor.  All  cartridges  were 
preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours.  Prior 
exposed  cartridges  were  previously  subjected  to  static  concentrations  of 
1200  ppm  fuel  vapor  for  eight  hours  at  80%  relative  humidity  and  25  °C. 


57 


Figure  4-5.  Scatter  plot  of  breakthrough  times  for  80%  relative  humidity  condition  and  no 
prior  exposure  to  fuel  vapor.  All  cartridges  were  preconditioned  at  80%  relative  humidity 
and  25  °C  for  six  hours.  Prior  exposed  cartridges  were  previously  subjected  to  static 
concentrations  of  1200  ppm  fuel  vapor  for  eight  hours  at  80%  relative  humidity  and  25  °C. 


♦  300  ppm 
■  600  ppm 
A 1200  ppm 


Figure  4-6.  Scatter  plot  of  breakthrough  times  for  80%  relative  humidity  condition  and  prior 
exposure  to  fuel  vapor.  All  cartridges  were  preconditioned  at  80%  relative  humidity  and  25  °C  for 
six  hours.  Prior  exposed  cartridges  were  previously  subjected  to  static  concentrations  of  1200 
ppm  fuel  vapor  for  eight  hours  at  80%  relative  humidity  and  25  °C. 


♦  300  ppm 
■  600  ppm 
A 1200  ppm 


58 


Cheaters.  ANALYSIS  AND  DISCUSSION 


5.1.  Effect  of  relative  humidity  and  challenge  concentration  on  breakthrough  time  (null 

hypothesis  1) 

5. 1. 1.  Overview 

A  2-sided  Analysis  of  Variance  (ANOVA)  was  conducted  to  assess  the  impact  of  relative 
humidity  and  challenge  concentration  on  breakthrough  time.  The  ANOVA  was  completed  for 
the  10  percent  of  challenge  concentration  breakthrough  time  at  each  of  five  data  points  in  all  six 
rplls  within  the  matrix.  Each  cell  was  tested  for  normality  and  homogeneity  of  variance  prior  to 
applying  an  analysis  of  variance.  The  source  code  and  data  output  for  the  SAS/STAT®  ANOVA 
and  means  test  analysis  routines  are  included  in  Appendix  D. 

5. 1.2.  Normality  and  homogeneity  of  variance 

It  is  important  to  recognize  that  determining  if  a  five-point  data  set  has  a  normal  distribution  is 
difficult  because  of  the  low  number  of  data  points.  Nevertheless,  confirmation  of  normality  lends 
more  credibility  to  correct  application  of  an  ANOVA  test. 

The  PROC  UNIVARIATE  procedure  in  SAS/STAT®  assesses  normality  by  determining  the 
Shapiro-Wilk  statistic,  W,  which  is  the  “ratio  of  the  best  estimator  of  the  variance  to  the  corrected 
sum  of  squares  estimator  of  the  variance.”'*'^  A  positive  normality  conclusion  requires  a  large  W 
value  (one  that  is  close  to  the  maximum  of  1.0)  and  a  large  probability  (Pr)  value  (greater  than 
0.10).  In  this  data  set,  aU  cells  meet  these  requirements,  so  the  data  within  each  cell  are  considered 
to  be  normally  distributed. 

Levene’s  test  for  equality  of  variance  was  applied  to  the  six  cells  in  this  data  set***  The  calculated 
F  distribution  value  was  2.4369,  which  corresponds  to  an  a  of  0.06.  When  a  exceeds  0.10,  the 
data  sets  are  considered  to  be  homogenous;  however,  a  >  0.05  is  sometimes  used  as  a  less 
stringent  criterion.  The  variances  for  the  cells  in  this  data  set  would  be  considered  homogenous 
under  the  latter  criterion. 
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While  ANOVA  assiomes  that  homogeneity  of  variance  and  nonnality  are  both  present  in  the  data 
set,  the  F  statistic  is  considered  to  be  relatively  insensitive  to  violations  of  these  assumptions.'^® 
Therefore,  this  issue  will  not  be  addressed  further. 


5.1.3.  Analysis  of  Variance  (ANOVA) 

The  Analysis  of  Variance  indicates  that  relative  humidity  and  concentration  both  had  a  significant 
impact  on  the  breakthrough  time  to  10%  of  the  challenge  concentration  (P  <  0.0001  for  each 
treatment).  Additionally,  the  interaction  between  relative  humidity  and  concentration  was 
significant  (P  <  0.0001).  A  summary  of  the  ANOVA  results  is  presented  in  Table  5-1. 


Table  5-1.  Analysis  of  Variance  (ANOVA)  for  relative  humidity 
and  concentration  treatments. 


Independent 

variable 

Degrees  of 
freedom 

Type  1  Sum  of 
Squares  (SS) 

Mean 

Square 

F-Value 

Pr>F- 

Value 

Relative  humidity  (RH) 

1 

10010 

10010 

340 

<  0.0001 

Concentration  (Cone) 

2 

89000 

44500 

1520 

<  0.0001 

RH  X  Cone  (Interaction) 

2 

10020 

5010 

171 

<  0.0001 

5. 1.4.  Tests  for  differences  between  means 

While  the  Analysis  of  Variance  showed  that  relative  humidity  and  concentration  both  have  an 
overall  effect  on  breakthrough  time,  it  does  not  reveal  at  which  levels  of  concentration  or  relative 
humidity  this  impact  exists.  The  Tukey  “Honesdy  Significant  Difference”  (HSD)  test  was  applied 
to  the  cell  means  at  each  level  of  concentration  and  each  level  of  relative  humidity.  Since  there  is 
evidence  of  interaction  between  treatment  factors,  a  blocked  approach  was  used.  The  Tukey 
HSD  test  indicated  that  there  was  no  difference  between  the  50  and  80  percent  relative  humidity 
test  conditions  at  1200  ppm;  all  other  means  were  significandy  different.  In  other  words,  the 
impact  of  relative  humidity  had  far  less  significance  at  the  highest  challenge  concentration,  further 
evidence  of  an  interaction  between  relative  humidity  and  concentration.  As  mentioned 
previously,  this  is  demonstrated  graphically  in  Figure  4-3,  where  the  breakthrou^  time  curves  for 
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each  relative  humidity  test  condition  converge  at  the  high  challenge  concentration  and  diverge  at 
the  lowest. 

5.2.  Effects  of  prior  exposure  and  challenge  concentration  (null  hypothesis  2) 

5.2.1.  Overview 

A  2-sided  ANOVA  was  conducted  to  assess  the  impact  of  the  prior  exposure  and  challenge 
concentration  treatments  on  breakthrough  time.  As  before,  these  runs  were  completed  for  the  10 
percent  of  challenge  concentration  breakthrough  time  at  each  of  five  data  points  in  all  six  cells 
within  the  matrix  (see  Appendix  D).  The  analysis  included  an  assessment  of  normality  and 
homogeneity  of  variance  prior  to  conducting  the  ANOVA. 

5.2.2.  ISiormality  and  homogeneity  of  variance 

In  this  data  set,  all  cells  met  the  normality  criteria.  Data  points  are  therefore  considered  to  be 
normally  distributed  at  the  10  percent  breakthrough  times. 

Levene’s  test  for  equality  of  variance  was  applied  to  the  six  cells  in  this  data  set.  The  homogeneity 
of  variance  test  is  met  at  the  0.10  a  criterion  level. 

5.2.3.  Analysis  of  Variance  (ANOVA) 

The  Analysis  of  Variance  indicates  that  prior  exposure  to  high  levels  of  fuel  vapor  and  relative 
humidity  has  a  significant  impact  on  the  breakthrough  time  to  10%  of  the  challenge  concentration 
(P<0  .0001  for  each  treatment).  However,  the  interaction  between  the  prior  exposure  and 
concentration  treatments  were  reported  as  insignificant  (P  =  0.33).  A  summary  of  the  ANOVA 
results  is  presented  in  Table  5-2. 

A  further  assessment  of  the  concentration  x  prior  exposure  factor  was  conducted  to  determine  if 
the  power  (1  -  P)  was  sufficient  to  confidently  conclude  that  there  was  no  significant  interaction 
between  the  factors.  Using  an  a  of  0.05,  power  was  calculated  by  first  determining  the  ^ using 
the  general  equation  below: 
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'effect 


1 


aba 


where 

»  =  number  of  observations  in  each  cell 
a  =  number  of  levels  in  factor  A 
b  =  number  of  levels  in  factor  B 
H  =  population  mean 

jlj,  jlj  —  means  for  treatments  A  and  B  (respectively) 

=  mean  for  the  common  cell 
</^is  the  error  variance  for  the  population. 

The  resulting  value  of  0^^  was  found  to  be  0.62.  With  df^  (degrees  of  freedom  in  the  numerator) 
of  2  and  (degrees  of  freedom  in  the  denominator)  of  24,  this  equates  to  a  poweid'^  of  <0.10. 
Therefore,  the  power  of  this  test  was  insufficient  to  conclude  there  was  interaction  between  the 
variables. 


Table  5-2.  Analysis  of  Variance  (ANOVA)  for  prior  exposure  and 
concentration  treatments. 


Independent 

Variable 

D(^rees  of 
freedom 

type  1  Sum  of 
Squares  (SS) 

IMean 

Square 

F-Vaiue 

Pr>F- 

Value 

Prior  exposure  (Prior) 

1 

488 

488 

28.1 

<  0.0001 

Concentration  (Cone) 

2 

38800 

19400 

1120 

<  0.0001 

Prior  X  Cone  (interaction) 

2 

40.1 

20.0 

1.15 

0.33 

5.2.4.  Tests  for  differences  between  means 

While  the  Analysis  of  Variance  showed  that  prior  exposure  and  concentration  both  have  an 
overall  effect  on  breakthrough  time,  it  does  not  reveal  at  which  level  of  concentration  or  prior 
exposure  factor  this  impact  exists.  The  Tukey  HSD  comparison  of  means  between  each  of  the 
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six  cells  in  the  matrix  revealed  there  to  be  a  significant  difference  between  all  cells  except  the 
bottom  two,  the  cartridges  tested  at  a  1200  ppm  challenge  concentration  at  both  prior  exposure 
levels.  In  other  words,  the  impact  of  prior  exposure  has  an  insignificant  impact  at  a  higher 
challenge  concentration. 

5.3.  Analysis  of  breakthrough  concentration  vs.  breakthrough  time  (null  hypothesis  3) 

5.3.1.  A.pplication  of  the  Yoon  and  Nelson  equation 
The  Yoon  and  Nelson  equation  is  re-stated  as  follows: 
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Recall  that  as  defined  in  the  Wood  model,  changes  slightly  with  the  ratio  of  the  challenge 
substance’s  vapor  pressure  to  the  saturation  partial  pressure  of  that  substance  for  most 
substances.  For  example,  if  the  average  vapor  pressure  for  JP-8  jet  fuel  is  assumed  to  be  1.47,  at  a 
challenge  concentration  of  300  ppm,  the  ratio  p/ p„i  is  0.23.  At  1200  ppm,  this  ratio  is  0.91. 
Across  the  range  of  challenge  concentrations  tested  in  this  study,  per  the  Wood  model,  the  value 
of  W,  will  change  by  the  amount  given  by  (b(0.91))2  /  ^(0.23))2  =  0.004,  or  approximately  0.4 
percent.  It  may  therefore  be  treated  as  a  constant. 

The  4  parameter  is  affected  predominantly  by  the  value  of  S,  which  changes  only  slighdy  when 
the  percentage  of  breakthrough  concentration  is  above  5  percent.  If  is  selected  at  a  mid-point 
along  the  tested  breakthrough  curve  (e.g.  10  percent  breakthrough),  the  Yoon  and  Nelson 
equation  would  tend  to  under-predict  the  breakthrough  time  for  low  breakthrough  points  (1  and 
5  percent)  and  slighdy  over-predict  at  the  20  percent  breakthrough  point. 

Therefore,  for  the  purposes  of  model  comparison  and  breakthrough  prediction,  k,,  and  IF',  will  be 
treated  as  constants.  This  allows  a  simplification  of  the  Yoon  and  Nelson  equation  to  the 
following  form; 
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where  A  and  B  are  curve-fitting  constants.  This  equation  is  now  in  the  form  of  j  -  -mx  +  with 
X  defined  as: 


X  = 


c^-c 
0 _ £ 

c 

JC 


A  semi-log  scatter  plot  of  diis  x  value  against  the  mean  breakthrough  times  should,  in  theory, 
demonstrate  if  this  relationship  is  followed.  This  was  accomplished  by  fitting  the  Yoon  and 
Nelson  equation  to  each  factorial  condition  in  both  experiments.  Plots  are  shown  in  Figures  5-1 
through  5-3. 


Figure  5-1 .  Semi-log  plot  of  a  generalized  Yoon  and  Nelson  equation  against 
mean  breakthrough  times  for  50%  relative  humidity  test  condition.  All  cartridges 
were  preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours. 
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Figure  5-2.  Semi-log  plot  of  a  generalized  Yoon  and  Nelson  equation  against 
mean  breakthrough  times  for  80%  relative  humidity  test  condition  (without  prior 
exposure  to  fuel  vapor).  All  cartridges  were  preconditioned  at  80%  relative 
humidity  and  25  °C  for  six  hours. 
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Figure  5-3.  Semi-log  plot  of  a  generalized  Yoon  and  Nelson  equation  against 
mean  breakthrough  times  for  80%  relative  humidity  test  condition  (with  prior 
exposure  to  fuel  vapor).  All  cartridges  were  preconditioned  at  80%  relative 
humidity  and  25  °C  for  six  hours.  Prior  exposed  cartridges  were  previously 
subjected  to  static  concentrations  of  1200  ppm  fuel  vapor  for  eight  hours  at  80% 
relative  humidity  and  25  °C. 
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It  can  be  seen  from  these  plots  that  the  50  percent  relative  hiomidity  condition  appears  to  follow 
the  form  of  the  Yoon  and  Nelson  equation  quite  well.  Regression  squared  coefficients  (R2), 
which  are  indicators  of  the  amount  of  variation  in  the  dependent  variable  (the  Yoon  and  Nelson 
equation)  that  can  be  accounted  for  by  the  independent  variable  (challenge  concentration)  ,4’  were 
0.99  for  the  300  and  1200  ppm  challenge  concentrations  and  0.97  for  the  600  ppm  challenge 
concentration.  However,  the  fit  for  both  80  percent  relative  humidity  test  conditions  was  not  as 
good.  Visual  examination  of  these  charts  indicates  a  possible  non-linearity  for  both  80  percent 
relative  humidity  test  conditions,  which  was  also  evident  in  the  linear  plots  of  breakthrough 
concentration  vs.  time  presented  in  Section  4.4.2. 

This  finding  does  appear  to  be  consistent  with  Nelson  and  Correia’s  data  set  where  breakthrough 
curves  for  carbon  cartridges  preconditioned  and  tested  at  high  humidity  levels  departed  from  the 
typical  sigmoidal  shape  and  became  more  linear  in  nature  except  for  the  extreme  portions  of  the 
breakthrough  cun^e.^^ 

Another  way  of  presenting  this  relationship  is  to  plot  the  breakthrough  time  predicted  by  the 
generalized  Yoon  and  Nelson  equation  against  the  mean  breakthrough  times  as  shown  in  Figures 
5-4  to  5-6.  To  produce  these  prediction  curves,  constants  A  and  B  were  determined  individually 
for  each  challenge  concentration  curve  using  the  DataFit  curve  fitting  software  tool.  The  curve 
fitting  was  accomplished  on  the  breakthrough  times  for  the  1%,  5%,  10%,  and  20%  of  challenge 
concentration  (see  Appendix  E),  and  was  based  on  all  cartridges  tested  at  each  condition. 

Optimal  curve  fit  parameters  are  shown  in  Table  5-3. 


66 


Table  5-3.  Curve-fit  parameters  for  generalized  Yoon  and 
Nelson  equation. 


Relative 

humidity 

Prior 

exposure 

Challenge 

concentration 

A 

95%  CL 
(+/-) 

B 

95%  CL 
(+/-) 

50 

No 

300 

4.3  IE-05 

9.05E-06 

5.69E-04 

2.53E-05 

600 

6.49E-05 

6.45E-06 

6.02E-04 

1.88E-05 

1200 

5.82E-05 

1.17E-05 

6.02E-04 

3.52E-05 

80 

No 

300 

8.44E-05 

1.60E-05 

5.02E-04 

4.66E-05 

600 

7.63E-05 

1.32E-05 

5.55E-04 

3.69E-05 

1200 

5.82E-05 

1.19E-05 

5.58E-04 

3.59E-05 

80 

Yes 

300 

1.01E-04 

2.03E-05 

5.13E-04 

5.03E-05 

600 

7.74E-05 

1.14E-05 

5.23E-04 

3.43E-05 

1200 

6.76E-05 

2.1  IE-05 

5.38E-04 

5.24E-05 

These  plots  also  confinn  that  the  generalized  Yoon  and  Nelson  equation  does  appear  to  fit  the 
data  well  for  the  50  percent  relative  humidity  condition.  The  fit  for  both  80  percent  relative 
humidity  conditions  is  not  as  good. 


Figure  5-4.  Generalized  Yoon  and  Nelson  equation  fit  to 
measured  breakthrough  data  at  50%  relative  humidity,  without 
prior  exposure  to  fuel.  Coefficients  for  equation  were  determined 
individually  for  each  challenge  concentration.  All  cartridges  were 
preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours. 
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Figure  5-5.  Generalized  Yoon  and  Nelson  equation  fit  to  measured  breakthrough 
data  at  80%  relative  humidity,  without  prior  exposure  to  fuel.  Coefficients  for 
equation  were  determined  individually  for  each  challenge  concentration.  All 
cartridges  were  preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours. 


Figure  5-6.  Generalized  Yoon  and  Nelson  equation  fit  to  measured  breakthrough 
data  at  80%  relative  humidity,  with  prior  exposure  to  fuel.  Coefficients  were 
determined  individually  for  each  challenge  concentration.  All  cartridges  were 
preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours.  Prior  exposed 
cartridges  were  previously  subjected  to  static  concentrations  of  1200  ppm  fuel 
vapor  for  eight  hours  at  80%  relative  humidity  and  25  °C. 
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5.3.2.  Modeling  of  relative  humidity  effects 

A  test  of  Wood’s  relative  humidity  model  was  conducted  by  calculating  the  ratio  of  breakthrough 
times  for  the  80%  and  50%  no  prior  exposure  test  conditions,  with  all  other  parameters  held 
constant.  The  result  of  this  comparison  is  presented  in  Table  5-4  and  Figure  5-7. 


Table  5-4.  Ratio  between  80  percent  (with  no  prior  exposure  to  fuel)  and 
50  percent  relative  humidity  breakthrough  times  for  fixed  concentrations 
and  breakthrough  points. 


Challenge 

Concentration 

Percent 

breakthrough 

Breaidhrough  time  (50%  RH) 

Breakthrough 
time  (80%  RH) 

Ratio 

tso/tso 

300 

1 

176 

70 

0.40 

300 

5 

214 

102 

0.48 

300 

10 

229 

141 

0.62 

300 

20 

242 

202 

0.83 

600 

1 

75 

55 

0.73 

600 

5 

94 

72 

0.77 

600 

10 

108 

91 

0.85 

600 

20 

126 

112 

0.89 

1200 

1 

41 

36 

0.88 

1200 

5 

51 

45 

0.89 

1200 

10 

56 

51 

0.91 

1200 

20 

63 

58 

0.92 
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Figure  5-7.  Ratio  between  breakthrough  times  for  80  percent  and 
50  percent  relative  humidity  conditions  (without  prior  exposure  to 
fuel  vapor),  with  linear  regression  fit.  Data  points  represent  the 
calculated  mean  breakthrough  time  ratios.  All  cartridges  were 
preconditioned  at  80%  relative  humidity  and  25  °C  for  six  hours. 
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From  this  information,  three  observations  can  be  made: 

•  It  appears  that  at  a  fixed  challenge  concentration,  the  ratio  of  breakthrough  times  increases  as 
the  breakthrough  percentage  increases.  This  effect  is  quite  pronounced  at  300  and  600  ppm, 
but  is  less  visible  at  the  highest  concentration  of  1200  ppm. 

•  At  low  breakthrough  concentrations,  the  breakthrough  time  ratio  increases  as  the  challenge 
concentration  is  raised. 

•  At  high  breakthrough  concentrations  (approaching  20  percent  of  the  challenge 
concentration),  the  ratio  of  breakthrough  times  for  each  of  the  challenge  concentrations  begin 
to  converge. 
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These  findings  are  consistent  with  the  previous  conclusion  that  there  exists  an  interaction 
between  challenge  concentration  and  relative  humidity.  The  reason  for  the  difference  in  ratios  as 
the  challenge  concentration  changes  is  most  likely  explained  by  the  large  number  of  water 
molecules  present  in  air  at  high  relative  humidity  levels  relative  to  the  number  of  organic 
compound  molecules  in  the  air  stream.  The  ratio  of  water  to  organic  compound  molecules  is 
much  greater  at  300  ppm  of  fuel  vapor,  allowing  the  high  concentration  of  water  molecules  in  the 
80  percent  relative  humidity  test  condition  vapor  to  have  a  more  profound  effect  than  at  1200 
ppm  of  fuel  vapor.36 

The  difference  in  ratios  that  is  apparent  from  the  increase  in  the  breakthrough  fraction  curve  may 
be  a  result  of  the  longer  carbon  bed  exposure  time,  allowing  the  cartridge  more  time  to  reach  an 
equilibrium  point  between  water  vapor  and  the  organic  compounds  in  JP-8  jet  fuel.“  Although 
not  tested  during  this  study,  as  the  breakthrough  curve  continues  beyond  the  20  percent  point,  the 
ratio  would  be  expected  to  level  off  and  never  completely  approach  1.0. 

5.4.  Development  of  cartridge  service  life  guidelines 

5.4. 1.  General  approach 

Ideally,  the  optimal  method  to  use  in  developing  service  life  guidelines  would  be  to  fit  the  Yoon 
and  Nelson  equation  and  the  Wood  model  to  the  entire  data  set,  empirically  derive  the  applicable 
constants,  and  predict  exposure  under  any  work  environment  condition  of  interest.  However,  as 
presented  in  Section  5.3  above,  these  equations  do  not  appear  to  accurately  describe  the  full  JP-8 
fuel  vapor  breakthrough  data  set,  so  a  slightly  different  (and  much  simpler)  approach  was  taken  to 
pnablp  development  of  a  breakthrough  time  table  for  end-user  implementation. 

Because  of  the  uncertainty  associated  with  characterizing  workplace  exposures,  it  isn’t  necessary 
to  be  able  to  predict  the  breakthrough  time  at  any  randomly-selected  challenge  concentration  or 
relative  humidity  condition.  For  this  reason,  a  segmented  or  classification-based  approach  is 
appropriate,  and  the  accuracy  of  a  prediction  model  designed  for  this  purpose  must  only  be  good 
enough  to  provide  adequate  worker  protection  with  an  adequate  safety  margin. 
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For  JP-8  jet  fuel,  which  has  an  OEL  of  50  ppm  and  a  proposed  TLV®  of  14  ppm,  the  only 
portion  of  the  breakthrough  curve  of  real  interest  to  the  end  user  is  the  region  of  25  ppm  or 
below,  since  cartridges  should  be  changed  out  at  Vi  of  the  exposure  limit.  A  straight-line 
interpolation  between  the  extreme  points  within  this  range  provided  a  good  approximation  of  the 
breakthrough  time  at  any  concentration  within  this  range  and  enabled  development  of  a  simple 
table  that  can  be  easily  put  into  use  (see  Section  6.2).  It  is  important  to  recognize  that  the  linear 
models  developed  in  this  section  only  apply  to  breakthrough  concentrations  below  30  ppm.  If 
applied  above  that  concentration,  these  equations  will  incorrectly  predict  a  service  life  that  is 
longer  than  the  artnal  service  life. 

5.4.2.  Vredicting  breakthrough  times  for  the  50 percent  relative  humidity  condition 
For  the  50  percent  relative  humidity  test  condition,  measured  breakthrough  times  for  each 
challenge  concentration  curve  were  plotted  against  breakthrougjh  concentration.  For  the  1200 
ppm  challenge  concentration,  this  included  breakthrough  points  through  5  percent  breakthrough 
(or  60  ppm).  30  ppm  was  selected  as  the  upper  end  for  the  600  and  300  ppm  challenge 
concentrations  to  allow  finer  resolution  at  these  levels.  The  95%  LCL  of  the  mean  was  then 
plotted  for  each  set  of  cartridges,  and  a  straight  line  was  used  to  connect  the  95%  LCL  for  the 
breakthrough  point  on  the  lower  end  to  the  95%  LCL  on  the  upper  end  of  each  challenge 
concentration  data  set.  The  resulting  linear  regression  equations  were  then  used  to  interpolate 
breakthrough  times  of  interest  within  this  region. 
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Figure  5-8.  Straight-line  approximation  of  cartridge  breakthrough 
times  based  on  95%  LCL  estimates  (50  percent  relative 
humidity,  no  prior  exposure).  All  cartridges  were  preconditioned 
at  80%  relative  humidity  and  25  °C  for  six  hours  and  were  tested 
with  an  air  flow  rate  of  32  LPM  through  each  cartridge. 
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This  yields  three  equations  that  can  be  used  to  estimate  breakthrough  times  for  300,  600,  and 
1200  ppm  challenge  concentrations.  Equations  are  summarized  in  Table  5-5. 


Table  5-5.  Simplified  estimates  of  cartridge  service  life  at 
selected  action  level  for  50%  relative  humidity  exposure  and 
room  temperature  conditions.  In  most  cases,  the  selected  action 
level  will  be  Vz  the  OEL  or  TLV  (7  or  25  ppm). 


Maximum  estimated 
worker  exposure  (ppm) 

Estimated  breakthrough  time  (in  minutes) 
to  a  desired  action  level  (AL,  in  ppm) 

300 

Time  =  (2.5)(AL)  +  139 

600 

Time  =  (0.8)(AL)  +  66 

1200 

Time  =  (0.2)(AL)  +  35 
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5.4.3.  Predicting  breakthrough  times  for  the  80  percent  relative  humidity  condition  (no  prior  exposure) 
A  similar  approach  was  used  for  the  80  percent  relative  humidity  (no  prior  exposure)  test 
condition.  Results  are  presented  in  Figure  5-9  and  Table  5-6. 


Figure  5-9.  Straight-line  approximation  of  cartridge  breakthrough 
times  based  on  95%  LCL  estimates  (80  percent  relative 
humidity,  no  prior  exposure).  All  cartridges  were  preconditioned 
at  80%  relative  humidity  and  25  "C  for  six  hours  and  were  tested 
with  an  air  flow  rate  of  32  LPM  through  each  cartridge. 
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Table  5--6.  Simplified  estimates  of  cartridge  service  life  at  a 
selected  action  level  for  80%  relative  humidity  exposure  and 
room  temperature  conditions.  In  most  cases,  the  selected  action 
level  will  be  the  OEL  or  TLV  (7  or  25  ppm). 


Maximum  estimated 
worker  exposure  (ppm) 

Estimated  breakthrough  time  (in 
minutes) 

to  a  desired  action  level  (AL,  in  ppm) 

300 

Time  =  (2.6)(AL)  +  53 

600 

Time  =  (1.2)(AL)  +  30 

1200 

Time  =  (0.2)(AL)  +  27 
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5.4.4.  Predicting  breakthrough  times  for  the  80  percent  relative  humidity  condition  (with  prior  exposure) 

The  Air  Force  is  currendy  using  these  cartridges  as  a  back-up  provision  in  the  event  of  an  air 
supply  failure,  so  these  cartridges  are  seldom  placed  in  actual  use.  Of  primary  concern  is  the 
service  life  expected  from  the  cartridges  if  they  are  needed  to  aid  in  escape  from  an  environment 
containing  JP-8  fuel  vapor. 

The  prior  exposure  test  did  show  a  statistically  significant  reduction  in  cartridge  service  life 
compared  to  the  80  percent  relative  humidity  without  prior  exposure  condition.  However,  if  the 
cartridges  are  only  put  into  active  use  in  a  back-up  capacity,  and  are  not  actively  used  afterwards, 
this  effect  can  be  ignored.  The  change  is  not  significant  at  1200  ppm,  and  will  not  impair  the 
service  life  needed  during  the  15  minutes  or  so  that  may  be  needed  to  exit  a  fuel  tank. 

Because  of  the  current  use  conditions,  no  prediction  model  will  be  proposed  for  determining 
breakthrough  times  of  cartridges  with  prior  exposure  to  fuel  vapor.  However,  it  is  unclear  how 
much  of  an  impact  long-term  exposure  to  fuel  vapor  may  have,  since  this  study  terminated 
exposure  at  8  hours.  Instead,  cartridges  used  in  a  back-up  configuration  should  be  discarded  and 
replaced  on  a  regular  schedule.  Since  data  for  exposures  exceeding  8  hours  is  currently 
unavailable,  the  professional  recommendation  of  this  author  is  to  discard  cartridges  after  8  hours 
of  cumulative  static  exposure  to  fuel  vapor,  or  within  one  week  or  less  of  first  use. 
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Chapters.  CONCLUSIONS  AND  RECOMMENDATIONS 


6.1.  Summaiy  of  findings 

The  research  reported  in  this  paper  helps  to  define  the  service  life  of  the  7251  organic 

vapor  cartridge  when  exposed  to  concentrations  of  JP-8  fuel  between  300  and  1200  parts  per 

million  (ppm).  In  doing  so,  this  research  led  to  the  following  conclusions: 

•  The  test  relative  humidity  has  a  statistically  significant  impact  on  a  cartridge’s  service  life  for 
cartridges  preconditioned  at  80  percent  relative  humidity.  When  compared  to  cartridges 
actively  tested  at  50  percent  relative  humidity,  the  service  lives  of  cartridges  tested  at  80 
percent  relative  humidity  were  significandy  reduced  at  challenge  concentrations  of  300  and 
600  ppm,  with  more  than  a  50  percent  reduction  in  breakthrough  time  at  300  ppm.  The 
difference  between  mean  breakthrough  times  at  1200  ppm  was  not  statistically  significant 
when  compared  using  the  Tukey  HSD  means  test. 

•  The  interaction  between  relative  humidity  and  challenge  concentration  is  significant.  Much  of 
the  current  research  on  the  impacts  of  relative  humidity  suggest  the  use  of  an  adjustment 
factor  that  accounts  for  the  relative  humidity  level,  but  not  the  interaction  between  relative 
humidity  and  challenge  concentration. 

•  Exposing  the  face  of  a  cartridge  to  JP-8  fuel  vapor  and  high  humidity  over  an  8-hour  period 
without  actively  drawing  vapor  through  it  had  a  statistically  significant  impact  on  a  cartridge’s 
service  life  at  some  challenge  concentrations.  This  effect  was  most  prominent  at  300  ppm, 
but  was  not  significant  at  1200  ppm.  For  end-user  applications,  this  difference  is  moderate 
and  win  have  a  minor  impact  on  the  cartridge  replacement  times  selected  as  part  of  a  change- 
out  schedule. 

•  The  interaction  between  concentration  and  prior  static  exposure  of  a  cartridge’s  face  to  fuel 
vapor  and  high  humidity  levels  is  not  significant 
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•  The  breakthrough  response  curve  for  cartridges  tested  at  50  percent  relative  humidity  can  be 
modeled  well  by  a  general  form  of  the  Yoon  and  Nelson  equation,  with  equation  parameters 
determined  empirically.  This  model  is  useful  for  predicting  a  cartridge’s  service  life  at  the 
50%  relative  humidity  test  condition. 

•  The  breakthrough  response  curve  for  cartridges  tested  at  80  percent  relative  humidity  does 
not  appear  to  follow  the  shape  of  the  Wood  Model  equation  as  well  as  the  50  percent  relative 
humidity  data  sets. 

•  A  comparison  of  breakthrough  times  between  the  80  and  50  percent  relative  humidity  levels 
(without  prior  exposure)  demonsttates  that  the  ratio  does  not  remain  constant  throughout  the 
portion  of  the  breakthrough  curve  tested  (1  percent  to  20  percent  breakthrough),  nor  is  the 
ratio  constant  at  different  challenge  concentrations. 

6.2.  Change-out  schedule  recommendations 

The  data  collected  during  this  study  would  not  be  as  meaningful  to  the  aviation  community  in 
general  unless  it  can  be  used  to  create  a  cartridge  change-out  schedule  for  workers  exposed  to  JP- 
8  jet  fuel.  While  the  equations  presented  in  Section  5.4  are  sufficient  to  estimate  cartridge  service 
life  at  the  50  and  80  percent  relative  humidity  levels,  the  end  user  should  not  be  required  to 
calculate  breakthrough  times.  Instead,  a  change-out  table  was  developed  to  enable  an  end-user  to 
quickly  determine  breakthrough  times  to  V2  of  the  Air  Force  OEL  or  the  ACGIH’s  proposed 
TLV®.  For  conditions  that  vary  significantly  from  the  tested  conditions  (e.g.  higher  temperatures 
or  humidity  levels),  the  80  percent  relative  humidity  test  condition  breakthrough  times  are 
reduced  by  an  additional  25  percent  to  provide  an  extra  margin  of  safety. 

The  tables  should  only  be  applied  when  a  good  characterization  of  the  workplace  environment 
and  exposures  has  been  accomplished  by  an  individual  trained  in  such  techniques.  If  there  is  any 
question  regarding  applicability  of  these  recommendations,  consult  a  health  or  safety  professional 
before  entering  a  potentially  hazardous  environment.  Additionally,  the  breakthrough  times 
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presented  in  this  table  are  only  applicable  to  pairs  of  7251  organic  vapor  cartridges  used  in 

an  air  purifying  respirator. 

Application  of  these  tables  is  a  four-step  process: 

1.  Assess  the  maximum  exposure  anticipated  during  the  task  to  be  accomplished,  and 
characterize  the  exposure  as  high  (between  600  and  1200  ppm),  medium  (between  300  and 
600  ppm),  or  low  (less  than  300  ppm).  If  anticipated  exposures  exceed  1200  ppm,  an  air 
purifying  respirator  should  not  be  used  in  that  environment  and  these  tables  do  not  apply. 
Determination  of  concentration  should  initially  be  accomplished  by  a  health  or  safety 
professional,  who  may  recommend  a  sampling  method  for  local  use  by  fuel  systems  repair 
personnel  One  possible  method  that  could  be  employed  by  repair  personnel  is  to  monitor 
the  concentration  with  an  explosive  meter  and  convert  the  measured  percentage  of  the  Lower 
Explosive  Limit  (LEL)  to  a  part  per  milHon  value.  For  example,  assuming  an  LEL  of 
between  6000  and  9000  ppm,  a  reading  of  10  percent  of  the  LEL  would  equate  to  a 
concentradon  between  600  ppm  and  900  ppm  of  fuel  vapor,  which  would  characterize  the 
exposure  as  “high”.  Before  using  this  method,  however,  some  validation  work  needs  to  be 
accomplished  to  ensure  adequate  sensitivity,  accuracy,  and  reliability  of  the  selected  explosive 
meter,  and  to  compare  its  response  to  other  sampling  methods  (such  as  the  FID  used  in  this 
study). 

2.  Characterize  the  relative  humidity  level  as  high  (80  percent  or  greater),  medium  (between  50 
and  80  percent),  or  low  (less  than  50  percent).  If  the  maintenance  procedure  is  to  be 
accomplished  in  an  environment  where  the  humidity  level  is  not  controlled,  weather  reports 
may  be  adequate  for  estimating  the  relative  humidity  level.  If  conducted  indoors,  a 
measurement  should  be  taken  with  a  hygrometer  or  similar  device. 

3.  Select  a  breakthrou^  level  of  concern.  This  should  be  Vi  of  the  OEL  or  the  proposed 
ACGIH  TLV®,  depending  on  the  safety  factor  desired. 
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4.  Look  up  the  breakthrough  time  in  the  corresponding  table,  and  ensure  the  cartridge  is 

changed  out  before  that  time  elapses.  Be  sure  to  allow  adequate  time  to  exit  the  environment 
before  the  service  life  expires. 


Table  6-1  (a)  through  (c).  Estimated  cartridge  service  life  for 
pairs  of  3M™  7251  organic  vapor  cartridges  during  active 
exposure  to  JP-8  jet  fuel.  Estimates  are  based  on  the  service  life 
tested  under  laboratory  conditions  with  32  LPM  airflow  through 
each  cartridge  (equivalent  to  64  LPM  airflow  through  each  set  of 
cartridges)  at  (a)  300  ppm,  (b)  600  ppm,  and  (c)  1200  ppm 
challenge  concentrations.  All  cartridges  were  preconditioned  at 
80  percent  relative  humidity  and  25  “C  for  six  hours. 


(a)  Vapor  concentration 
less  than  300  ppm 

Breakthrough  time 

Desired  change-out 
concentration 

Below  50% 
relative 
humidity 

50-80% 

relative 

humidity 

Above  80%  relative 
humidity  or  temp 
above  85  ®F 

7  ppm  (1/2  of  proposed  TLV®) 

2  72  hrs 

1  hr 

45  min. 

25  ppm  (1/2  of  USAF  OEL) 

3  14  hrs 

2  hrs 

1  14  hrs. 

(b)  Vapor  concentration 

300  to  600  ppm 

Breakthrough  time 

Desired  change-out 
concentration 

Below  50% 
relative 
humidity 

50-80% 

relative 

humidity 

Above  80%  relative 
humidity  or  temp 
above  85  °F 

7  ppm  (1/2  of  proposed  TLV®) 

1  hr 

35  min. 

20  min. 

25  ppm  (1/2  of  USAF  OEL) 

1  14  hrs 

1  hr 

45  min. 

(c)  Vapor  concentration 

600  to  1200  ppm 

Breakthrough  time 

Desired  change-out 
concentration 

Below  50% 
relative 
humidity 

50-80% 

relative 

humidity 

Above  80%  relative 
humidity  or  temp 
above  85  "F 

7  ppm  (1/2  of  proposed  TLV®) 

35  min. 

30  min. 

20  min. 

25  ppm  (1/2  of  USAF  OEL) 

40  min. 

30  min. 

20  min. 
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63.  Considerations  for  future  research  efforts 


63. 1,  Comparison  of  sampling  methods 

At  present,  there  have  been  few  controlled,  side-by-side  comparisons  between  Flame  Ionization 
Detector  (FID)  direct  sampling  and  the  modified  NIOSH  1550  charcoal  tube  adsorbant  sampling 
methods.  A  better  understanding  of  the  relationship  between  these  methods  and  the  relative 
merits  of  each  would  help  estabUsh  and  more  accurately  document  workplace  exposures,  cartridge 
breakthrough  times,  and  comparisons  to  existing  occupational  exposure  limits.  For  example,  an 
occupational  exposure  limit  of  350  mg/m"^  can  be  converted  to  parts  per  million  (ppm)  by  using 
the  existing  conversion  factors  and  published  molecular  weights  for  JP-8  jet  fuel  or  kerosene 
(approximately  170  g/mole).  However,  those  values  are  based  on  the  average  molecular  weight 
of  all  components  in  liquid  fiiel  and  not  on  the  vapor  composition,  which  appears  to  have  a  much 
lower  average  molecular  weight  of  approximately  1 14  g/ mol.^  Using  a  part  per  million  conversion 
factor  based  on  the  average  molecular  weight  of  the  liquid  fuel  may  not  accurately  represent  the 
actual  workplace  exposure  when  compared  to  the  exposure  limit. 

63.2,  Compositional  differences  between  challenge  and  breakthrough  vapors 

According  to  the  current  literature  regarding  breakthrough  of  substances  containing  multiple 
components,  the  interaction  between  components  is  relatively  complex.  Substances  weakly 
adsorbed  in  a  carbon  bed  can  be  displaced  by  those  with  stronger  adsorption  properties, 
potentially  modifying  the  composition  of  the  vapor  breaking  through  the  cartridge. 

Consequently,  a  worker  using  a  respirator  for  protection  against  JP-8  may  actually  be  exposed  to  a 
subset  of  substances  that  is  considerably  different  than  the  ambient  JP-8  vapor  when 
breakthrough  begins.  Depending  on  the  substances  that  break  through  first,  and  their 
concentrations,  the  risks  to  the  worker  could  be  different  than  if  one  assumes  the  compoimds 
breaking  through  resemble  the  composition  of  JP-8.  This  could  be  especially  important  if  other 
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compounds  are  present  in  the  work  environment,  such  as  methyl  ethyl  ketone  (MEK)  solvent  that 
might  be  used  in  a  fuel  tank. 

6JJ.  Changes  in  breakthrough  times  resultingfrom  extensive  prior  exposure  to  fuel  vapor 
This  research  reported  on  the  change  in  breakthrough  time  that  results  from  exposing  a  cartridge, 
under  static  conditions,  to  high  levels  of  fuel  vapor  in  a  controlled,  high  humidity  test 
environment,  and  concluded  that  there  does  appear  to  be  a  slight  reduction  in  breakthrough  time 
after  eight  hours  of  exposure.  It  would  be  beneficial  to  understand  the  impact  of  repeated 
cartridge  exposure  under  such  conditions,  combined  with  storage  of  the  cartridge  over  a  period  of 
several  days  or  weeks,  and  the  resulting  impact  on  breakthrough  times.  Modeling  of  the  passive 
diffusion  of  fuel  vapor  that  occurs  into  the  carbon  and  its  applicability  to  existing  breakthrough 
models  would  be  beneficial  to  the  respirator  user  community. 

6.3.4.  Modeling  of  relative  humidity  effects 

The  current  work  that  is  being  done  to  model  the  effects  of  relative  humidity  levels  during 
preconditioning  and  test  conditions  should  be  applied  to  the  data  presented  in  this  report  in  an 
attempt  to  identify  whether  or  not  JP-8  follows  the  typical  response  characteristics  predicted  by 
those  models.  With  this  information,  it  will  be  possible  to  better  predict  the  impact  of  other 
humidity  levels,  particularly  those  higher  than  the  80%  level  tested  in  this  study. 

6.3.5.  Identification  of  a  surrogate  compound 

Since  JP-8  fuel  is  composed  of  over  300  organic  compounds,  it  would  be  beneficial  to  be  able  to 
identify  a  single  compound  that  could  be  used  in  future  breakthrough  testing  to  represent  JP-8 
fuel  vapor.  By  doing  this,  it  may  be  possible  to  more  easily  produce  controlled  concentrations  of 
a  challenge  vapor  and  quickly  estimate  breakthrough  response  time  for  any  given  cartridge. 

Identifying  a  surro^te  compound  could  be  accomplished  by  first  determining  the  breakthrough 
times  for  JP-8  through  a  dry  carbon  bed,  and  then  estimating  and  under  dry  conditions  in  a 
manner  .similar  to  that  used  to  curve  fit  the  50%  relative  humidity  data  to  the  Yoon  and  Nelson 
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equation  in  this  report.  These  values  could  then  be  compared  to  and  k,.  values  calculated 
through  the  Wood  Model  equations  for  the  major  components  of  JP-8®  fuel  vapor.  A  list  of  the 
applicable  properties  and  parameters  for  these  components  is  presented  in  Table  6-2,  based  on  the 
assumed  test  values  in  Table  6-2  and  commonly-available  chemical  property  information.^’ 


Table  6-2.  Summary  of  Wood  Model  equation  parameters  and  estimated 
breakthrough  times  (to  10  percent  of  the  challenge  concentration)  for  major 
components  of  JP-8  fuel  vapor.  Calculations  are  for  a  300  ppm  challenge 
concentration  (0.228  torr)  under  dry  conditions  with  no  cartridge  preconditioning, 
and  the  saturation  partial  pressures  (psat)  listed  are  for  each  substance  in  pure  form. 


Compound 

Density 

(g/cc) 

P 

(torr) 

Paat  MW 
(torr)  (g/mol) 

Hd 

Pe 

kv 

(min'^) 

(g/g) 

Est.  time 
(min.) 

Methyl  cyclohexane 

0.7694 

0.228 

37 

98.19 

1.4231 

32.50 

2154 

0.318 

250 

n-Octane 

0.7025 

0.228 

10 

114.2 

1.3974 

39.19 

2424 

0.363 

258 

n- Nonane 

0.7176 

0.228 

3 

128.3 

1.4054 

43.85 

2592 

0.406 

263 

m-Xylene 

0.8642 

0.228 

9 

106.2 

1.4972 

35.96 

2299 

0.440 

329 

Toluene 

0.8669 

0.228 

21 

92.15 

1.4961 

31.06 

2091 

0.378 

312 

Ethyl  cyclohexane 

0.7880 

0.228 

13 

112.2 

1.4330 

37.01 

2340 

0.392 

279 

cis-1 ,4-dimethyl  cyclohexane 

0.7829 

0.228 

18 

112.2 

1.4230 

36.50 

2320 

0.376 

267 

n-Heptane 

0.6837 

0.228 

46 

100.2 

1.3878 

34.6 

2242 

0.286 

224 

Cyclohexane 

0.7785 

0.228 

78 

84.16 

1.4266 

27.7 

1937 

0.245 

212 

o-Xylene 

0.8802 

0.228 

7 

106.2 

1.5055 

35.8 

2292 

0.457 

341 

JP-8  Jet  Fuel^ 

0.8075 

0.228 

1.5 

170 

- 

- 

- 

Table  6-3.  Parameters  for  applying  the  Wood  Model  equation  to  major 
components  of  JP-8  jet  fuel. 


Parameter 

Value 

Description 

Wo 

0.597 

Carbon  micropore  volume  (cm'*/g),  from  manufacturer 

b' 

3.56E-05 

Empirical  coefficient 

R 

1.987 

Ideal  gas  constant 

T 

298 

Test  condition  temperature  (K) 

S 

0.036 

Empirical  constant  at  1%  breakthrough  concentration 

Vu 

5.93 

Linear  airflow  velocity,  cm/sec,  based  on  cross-sectional  area  of  90 
cm^  (per  manufacturer) 

i 

0.00083 

Empirical  constant 

w 

44.5 

Weight  of  carbon,  from  manufacturer 

Q 

32000 

Air  flow  rate  (cm^/min) 

Pb 

0.436 

Bulk  density  of  the  packed  bed 

Co 

300 

Challenge  concentration,  in  ppm 

c. 

30 

Breakthrough  concentration,  in  ppm  (10  percent  of  challenge)  _ 
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6.4.  Closing  remarks 

There  is  a  vast  amount  of  undiscovered  knowledge  in  the  respirator  research  field,  and  many 
opportunities  to  enhance  the  safety  and  health  conditions  for  workers  using  respirators  to  provide 
protection  from  hazardous  substances.  It  is  this  author’s  hope  that  the  work  presented  in  this 
paper  will  have  a  positive  impact  on  workers  exposed  to  jet  fuel  vapors,  and  that  this  work  may 
serve  as  a  launching  point  for  further  research  to  answer  much  of  the  complexities  that  remain. 
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APPENDIX  A 


Measured  breakthrough  concentration  on  the 
exit  side  of  cartridges  during  tests. 


The  following  tables  list  the  time  elapsed  (m  minutes)  in  the  left-hand  column  and  the 
measured  concentration  (in  parts  per  million,  or  ppm)  in  the  neighboring  columns 
underneath  each  cartridge  number.  Cartridges  are  grouped  by  treatment. 
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Table  A-1.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  300  ppm  and  50  percent  relative  humidity,  with  no  prior  exposure  to  fuel  vapor. 
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Table  A-2.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  600  ppm  and  50  percent  relative  humidity,  with  no  prior  exposure  to  fuei  vapor. 


TIME 

31 

32 

44 

63 

ESI 

1 

3.2 

4 

3.2 

2 

2.9 

miK&i 

3 

2.8 

3 

3.2| 

4 

2.6 

2.6 

■i 

2.5 

El 

2 

miBi 

6 

Bl 

2.2 

1.8 

2.3 

wm 

7 

1^1 

2.1 

1.7 

8 

Bl 

1.9 

1.6 

2.1 

wm 

9 

wm 

1.8 

1.4 

2 

IQg 

10 

Bl 

1.7 

1.3 

1.9 

Egg 

11 

1.6 

1.2 

1.8 

mu 

■B 

1.8 

■S 

1.2 

■B 

2 

■B 

1.7 

■B 

1.1 

HQ 

1.9 

■a 

1.7 

1 

1.9 

■B 

1.6 

■B 

1 

1.8 

■B 

1.5 

■B 

0.9 

1.7 

■B 

1.5 

mi 

0.9 

1.7 

■B 

1.5 

1.1 

0.8 

1.6 

■B 

1.4 

1 

1.6 

1.4 

1 

1.5 

mm 

1.3 

1 

1.4 

22 

1.3 

0.9 

1.4 

23 

1.2 

0.9 

1.4 

1.2 

1.4 

mm 

1.2 

1.3 

26 

1.2 

0.8 

1.3 

27 

1.1 

0.8 

1.2 

28 

1.1 

0.8 

1.2 

29 

1.1 

0.8 

1.2 

30 

1.1 

0.7 

1.2 

31 

0.7 

1.1 

32 

0.7 

1.1 

33 

0.7 

1.1 

34 

0.7 

1.1 

35 

0.7 

1 

36 

0.7 

1 

37 

0.7 

1 

38 

0.7 

2.2 

1 

39 

0.7 

2.1 

mm 

■a 

0.7 

1.9 

0.9 

■fl 

1.8 

42 

1.4 

1.7 

43 

1.3 

1.6 

44 

1.6 

45 

HKEiBS 

46 

1.2 

Table  A-3.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  1200  ppm  and  50  percent  relative  humidity,  with  no  prior  exposure  to  fuel  vapor. 


TIME 

36 

39 

54 

72 

73 

47 

29 

50 

28 

19 

48 

33 

59 

33 

21 

49 

38 

72 

39 

72 

25 

50 

45 

86 

44 

85 

29 

51 

52 

103 

50 

99 

34 

52 

58 

121 

61 

114 

39 

53 

63 

143 

71 

mgi 

45 

54 

71 

163 

79 

52 

55 

79 

193 

90 

160 

61 

56 

89 

218 

102 

178 

70 

57 

97 

248 

116 

196 

80 

58 

106 

131 

217 

91 

120 

144 

237 

103 

133 

156 

260 

115 

61 

149 

169 

127 

62 

161 

183 

mil 

63 

175 

199 

64 

189 

215 

171 

65 

205 

Igg 

186 

66 

223 

IQQ 

204 

67 

244 

220 

68 

ms 

69 

ms 

TIME 

36 

39 

54 

72 

73 

1 

■& 

ms 

3.6 

3.8 

2 

ms 

4.1 

ms 

3.3 

3 

4.1 

msB 

i^s 

ms 

3 

4 

umi 

E 

3 

E 

5 

3.1 

E 

2.8 

E 

6 

2.9 

2.6 

7 

3.3 

E 

2.1 

E 

2 

8 

mm 

2.5 

2 

2.2 

1.9 

9 

3.1 

E 

1.9 

2.1 

1.7 

10 

2.9 

1.8 

2 

1.6 

11 

2.8 

2.1 

1.7 

1.8 

1.5 

12 

im 

2 

1.6 

1.8 

1.5 

13 

2.6 

1.9 

1.5 

1.4 

14 

2.6 

1.8 

1.5 

15 

2.5 

1.7 

1.5 

mm 

2.5 

1.6 

1.4 

■B 

2.5 

1.6 

1.4 

18 

2.5 

1.5 

1.4 

19 

EB 

1.4 

1.4 

20 

El 

1.4 

1.4 

21 

E 

1.4 

1.4 

22 

2.5 

1.4 

1.4 

23 

2.5 

1.4 

1.4 

24 

2.6 

1.4 

25 

2.7 

1.5 

4.2 

26 

2.7 

1.6 

3.9 

27 

2.9 

1.7 

3.7 

28 

3 

1.9 

3.7 

29 

3.2 

2.1 

3.7 

30 

3.4 

2.4 

3.9 

31 

3.7 

2.8 

4.2 

32 

4.1 

3.3 

4.5 

33 

4.5 

3.8 

5.1 

34 

4.9 

4.6 

5.8 

35 

5.5 

5.5 

6.6 

36 

6.2 

6.6 

7.7 

7.3 

37 

7 

7.7 

8.9 

7.2 

38 

7.9 

9.1 

11 

10 

7.4 

39 

9 

11 

12 

12 

7.7 

40 

10 

13 

12 

15 

8.3 

41 

12 

16 

14 

18 

8.9 

42 

14 

20 

15 

21 

9.7 

43 

16 

24 

17 

25 

11 

44 

19 

29 

19 

30 

12 

45 

21 

35 

21 

36 

14 

46 

25 

42 

24 

43 

16 

91 


Table  A-4.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  300  ppm  and  80  percent  relative  humidity,  with  no  prior  exposure  to  fuel  vapor. 
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Table  A-5.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  600  ppm  and  80  percent  relative  humidity,  with  no  prior  exposure  to  fuel  vapor. 
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Table  A-6.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  1200  ppm  and  80  percent  relative  humidity,  with  no  prior  exposure  to  fuel  vapor. 


37 

38 

71 

81 

82 

47 

mm 

28 

116 

96 

83 

48 

33 

128 

109 

95 

49 

93 

39 

140 

120 

107 

50 

103 

153 

135 

119 

51 

118 

168 

149 

134 

52 

128 

66 

183 

164 

148 

53 

145 

75 

199 

180 

162 

54 

159 

89 

217 

196 

178 

55 

168 

99 

237 

216 

194 

56 

178 

113 

257 

235 

214 

57 

201 

125 

255 

233 

58 

219 

140 

254 

59 

227 

60 

250 

HQ 

61 

193 

201 

217 

64 

237 

65 

253 

TIME 

37 

38 

71 

81 

82  1 

1 

4.1 

IQg 

2 

4.1 

■a 

7.1 

3.3 

2.1 

3 

3.8 

4 

5.1 

3 

1.9 

4 

3.5 

3.6 

E 

1.7 

mm 

E 

1.6 

6 

3.1 

3.1 

3.9 

2.3 

1.5 

7 

2.9 

2.9 

lag 

2.1 

1.4 

8 

2.8 

mm 

IQ] 

2 

1.3 

9 

2.6 

2.6 

3.3 

1.8 

1.2 

10 

2.5 

2.5 

1.7 

1.1 

11 

2.5 

HB 

■E 

1.1 

12 

HQ 

HQ] 

1.1 

13 

El 

2.8 

1 

14 

2.1 

1 

15 

2.3 

2.1 

1 

mm 

2 

1 

■B 

EB 

2 

1 

18 

2.5 

1.9 

1 

19 

20 

2.5 

1.9 

1.1 

21 

2.6 

1.9 

1.2 

22 

2.7 

1.9 

1.4 

23 

3 

1.9 

1.5 

24 

3.1 

1.9 

1.7 

25 

3.3 

2 

2 

26 

3.7 

2 

2.3 

27 

4.3 

2.1 

2.7 

28 

4.9 

2.1 

3.1 

29 

5.6 

2.3 

9.4 

8.4 

3.7 

30 

6.5 

2.5 

10 

8.6 

4.4 

31 

7.6 

2.7 

11 

9.1 

5.2 

32 

8.7 

3 

13 

9.7 

6.1 

33 

10 

3.3 

15 

11 

7.2 

34 

11 

3.7 

17 

12 

8.7 

35 

13 

4.2 

20 

14 

11 

36 

16 

4.8 

24 

17 

13 

37 

19 

5.6 

28 

20 

15 

38 

21 

6-4 

33 

23 

18 

39 

24 

7.3 

40 

27 

22 

40 

29 

8.3 

48 

32 

27 

41 

33 

9.9 

54 

38 

33 

42 

39 

12 

61 

44 

39 

43 

44 

14 

72 

52 

47 

44 

50 

16 

80 

62 

54 

45 

56 

20 

90 

74 

62 

46 

66 

24 

103 

85 

73 

95 


Table  A-7.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  300  ppm  and  80  percent  relative  humidity,  with  prior  static  exposure  to  fuel  vapor. 
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TIME 

60 

61 

66 

67 

75 

185 

63 

58 

55 

186 

58 

55 

187 

58 

56 

188 

58 

56 

189 

59 

57 

190 

60 

H 

191 

61 

lllllllllllll^ 

192 

58 

54 

193 

59 

54 

194 

60 

Ha 

195 

61 

55 

moi 

56 

198 

56 

199 

57 

ilQgi] 

57 

58 

202 

58 

203 

59 

204 

■1 

59 

205 

[1^ 

206 

60 

yilliy 

60 

61 

66 

67 

Hi 

mg 

38 

32 

IB 

140 

38 

32 

40 

141 

38 

33 

41 

142 

gg] 

41 

143 

HiEa 

IB 

42 

144 

39 

42 

145 

38 

43 

146 

im^ 

34 

43 

147 

1^^ 

34 

44 

148 

39 

39 

35 

44 

149 

40 

40 

35 

44 

150 

■a 

40 

36 

44 

151 

■a 

41 

36 

45 

152 

41 

41 

41 

37 

153 

41 

41 

41 

37 

154 

42 

42 

37 

B 

155 

■a 

42 

42 

38 

156 

42 

■a 

43 

38 

48 

157 

42 

■a 

43 

39 

49 

158 

■a 

44 

44 

39 

49 

159 

■a 

44 

44 

40 

50 

160 

44 

44 

43 

40 

51 

161 

44 

44 

44 

41 

51 

162 

45 

45 

42 

41 

52 

163 

45 

45 

46 

41 

52 

164 

46 

46 

47 

41 

53 

165 

47 

46 

47 

42 

54 

166 

47 

47 

48 

42 

54 

167 

48 

47 

48 

43 

55 

168 

49 

48 

49 

43 

55 

169 

49 

48 

49 

44 

56 

170 

50 

49 

50 

44 

57 

171 

51 

50 

50 

45 

57 

172 

51 

50 

51 

45 

58 

173 

52 

50 

51 

46 

59 

174 

53 

51 

52 

46 

59 

175 

53 

52 

52 

46 

60 

176 

53 

52 

53 

47 

177 

54 

53 

53 

48 

178 

55 

54 

54 

48 

179 

56 

54 

54 

180 

57 

55 

55 

181 

57 

55 

55 

182 

58 

56 

55 

183 

59 

57 

55 

184 

60 

57 

55 
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Table  A-9.  Breakthrough  concentrations  (in  parts  per  million,  or  ppm)  per  test  time  (in  minutes)  for 
cartridges  tested  at  1200  ppm  and  80  percent  relative  humidity,  with  prior  static  exposure  to  fuel  vapor. 


TIME 

51 

76 

77 

78 

47 

108 

HQ 

187 

163 

110 

48 

116 

123 

206 

176 

118 

49 

123 

132 

223 

50 

132 

143 

245 

141 

51 

141 

154 

154 

52 

152 

167 

HS 

IH 

53 

162 

179 

mSi 

173 

190 

201 

185 

205 

218 

199 

220 

236 

213 

236 

257 

58 

227 

59 

240 

TIME 

51 

52 

76 

B 

78 

1 

B 

1.3 

2 

4.1 

B 

1.3 

3 

3.8 

mH 

1.2 

4 

3.1 

HQ 

2.2 

1.1 

5 

IHS 

2.9 

2.1 

1.1 

6 

IHD 

2.8 

2 

1 

7 

■E 

B 

3 

1.9 

1 

8 

2.9 

1.8 

1 

9 

2.8 

2.8 

1.8 

0.9 

10 

B 

B 

1.8 

0.9 

11 

B 

B 

0.9 

■B 

2.6 

B 

0.9 

■B 

2.6 

B 

0.9 

14 

2.6 

2.4 

0.9 

15 

2.6 

2.4 

0.9 

16 

2.7 

2.5 

1 

17 

2.8 

2.6 

1 

18 

2.9 

2.7 

1.1 

19 

3 

2.8 

1.2 

20 

3.2 

2.9 

1.4 

21 

3.5 

3.2 

1.5 

22 

3.8 

3.4 

1.7 

23 

4.1 

3.8 

2 

24 

4.5 

4.2 

2.3 

25 

5.1 

4.7 

2.7 

26 

20 

3.1 

27 

23 

3.7 

28 

26 

34 

4.4 

29 

30 

37 

5.2 

30 

35 

42 

6.3 

31 

39 

46 

7.5 

32 

44 

50 

9.1 

33 

50 

55 

11 

34 

55 

60 

13 

35 

61 

65 

16 

36 

68 

71 

19 

37 

76 

76 

23 

38 

83 

82 

28 

39 

92 

89 

33 

40 

101 

96 

38 

41 

59 

61 

111 

104 

46 

42 

69 

69 

120 

112 

54 

43 

77 

79 

132 

120 

65 

44 

86 

87 

144 

130 

77 

45 

93 

96 

158 

141 

90 

46 

100 

105 

172 

151 

100 

99 


APPENDIX  B 


Modified  NIOSH  1550  Method  Sampling  Results 


Results  from  sampling  of  JP-8  fuel  vapors  within  the  respirator  chamber,  using  the  modified 
NIOSH  1550  Method  for  naphthas,  are  presented  in  the  following  table. 


100 


Table  B-1.  Modified  NIOSH  1550  Method  charcoal  tube  sampling  results.  Target 
concentration  was  measured  with  the  Foxboro  TVA-1000B.  Conversion  of  measured 
concentration  charcoal  tube  sampling  results  to  parts  per  million  (ppm)  was  accomplished 
using  an  average  molecular  weight  of  170  g/mol  and  a  molar  gas  volume  of  24.45  liters. 


Sample 

number 

Cartridge 

number 

target 

concentration 

(measured 

w/rVA-1000B) 

Mass 

collected 

(mg) 

Air 

volume 

collected 

(L) 

Measured 
concentration 
via  NIOSH  1550 
(mg/m^ 

Measured 
concentration, 
converted  to 
ppm 

938^kC30 

31 

600 

15 

3.706 

4004 

582 

9388-KC31 

32 

600 

15 

3.933 

3824 

549 

9388-KC33 

34 

600 

14 

3.545 

3879 

568 

9388-KC34 

35 

300 

12 

5.855 

2096 

295 

9388-KC35 

36 

1200 

12 

1.591 

7247 

1085 

9388-KC36 

37 

1200 

14 

1.807 

7737 

1114 

9388-KC37 

38 

1200 

14 

1.966 

7162 

1024 

9388-KC38 

39 

1200 

15 

1.719 

8540 

1255 

9388-KC42 

44 

600 

13 

3.640 

3676 

514 

9388-KC43 

45 

600 

13 

3.370 

3843 

555 

9388-KC44 

46 

300 

13 

6.135 

2039 

305 

9388-KC45 

47 

300 

13 

6.229 

2057 

300 

9388-KC46 

48 

300 

12 

5.875 

2089 

294 

9388-KC47 

49 

300 

14 

7.411 

1845 

272 

9388-KC49 

51 

1200 

14 

1.833 

7430 

1098 

9388-KC50 

52 

1200 

13 

1.765 

7592 

1059 

9388-KC52 

54 

1200 

15 

2.020 

7540 

1068 

9388-KC53 

55 

300 

16 

7.619 

2103 

302 

9388-KC54 

56 

300 

16 

7.578 

2138 

304 

9388-KC55 

57 

600 

13 

3.159 

4204 

592 

9388-KC56 

58 

600 

14 

3.436 

3981 

586 

9388-KC57 

59 

600 

13 

3.306 

3878 

566 

9388-KC58 

62 

600 

14 

3.619 

3736 

556 

9388-KC59 

60 

300 

12 

5.652 

2173 

305 

9388-KC60 

61 

300 

13 

5.895 

2146 

317 

9388-KC61 

63 

600 

13 

3.547 

3651 

527 

9388-KC62 

64 

300 

9.6 

5.419 

1770 

255 

9388-KC63 

65 

300 

12 

6.424 

1865 

269 

9388-KC64 

66 

300 

11 

5.882 

1824 

269 

9388-KC65 

67 

300 

11 

6.271 

1727 

252 

9388-KC66 

68 

600 

12 

3.152 

3791 

548 

9388-KC67 

70 

600 

13 

3.508 

3606 

533 

9388-KC68 

69 

600 

12 

3.422 

3407 

504 

101 


Table  B-1  (continued).  Modified  NIOSH  1550  Method  charcoal  tube  sampling  results. 


Sample 

number 

Cartridge 

number 

Target 

concentration 

(measured 

W/TVA-1000B) 

Mass 

collected 

(mg) 

Air 

volume 

collected 

(L) 

Measured 
concentration 
via  NIOSH  1550 

Measured 
concentration, 
converted  to 

9388-KC69 

71 

1200 

13 

1.733 

7513 

1079 

9388-KC70 

72 

1200 

15 

1.858 

7815 

1161 

9388-KC71 

73 

1200 

15 

2.109 

7117 

1024 

9388-KC72 

74 

300 

15 

7.959 

1882 

271 

9388-KC73 

75 

300 

11 

5.840 

1880 

270 

9388-KC74 

80 

600 

11 

3.638 

3576 

514 

9388-KC75 

76 

1200 

12 

1.532 

7983 

1148 

9388-KC76 

77 

1200 

12 

1.601 

7564 

1088 

9388-KC77 

81 

1200 

13 

1.766 

7469 

1074 

9388-KC78 

78 

1200 

13 

1.731 

7250 

1043 

9388-KC79 

82 

1200 

14 

1.767 

7651 

1100 

9388-KC80 

84 

600 

14 

3.937 

3622 

521 
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APPENDIX  C 


Cartridge  weight  change  summary 

The  attached  table  lists  the  changes  in  cartridge  weight  that  resulted  from  each  stage 
preparation  and  testing.  All  weights  are  reported  in  grams. 
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Table  C-1.  Cartridge  weight  gains  during  pre-conditioning  at  80  percent  relative  humidity,  prior  exposure 
to  1200  ppm  JP-8  fuel  and  80%  relative  humidity,  and  breakthrough  tests  at  challenge  conditions.  (Tests 
were  terminated  at  20  percent  breakthrough  of  the  challenge  concentration.) 


Crtdg 

num 

Cone 

RH 

Prior 

Pkgwt 

(9) 

Pre-conditioning 
wtgain  (g) 

Prior  exposure 
wtgain(g) 

Breakthrough  test 
wtgain(g) 

Total  gain 
(9) 

46 

300 

50 

No 

76.267 

14.372 

N/A 

2.804 

17.176 

49 

300 

50 

No 

76.058 

13.732 

N/A 

3.054 

16.786 

300 

50 

No 

76.015 

14.456 

N/A 

2.954 

■Hgirai 

56 

300 

50 

No 

76.344 

14.313 

N/A 

3.251 

17.564 

74 

■6HHM 

50 

No 

76.147 

14.577 

N/A 

3.214 

17.791 

mmm 

50 

No 

76.333 

13.898 

N/A 

5.124 

19.022 

32 

50 

No 

76.659 

13.902 

N/A 

5.121 

19.023 

44 

600 

50 

No 

14.114 

N/A 

5.249 

MEmm 

63 

ESI 

No 

14.455 

N/A 

4.728 

mssEM 

84 

600 

50 

No 

76.396 

14.166 

N/A 

5.362 

19.528 

No 

76.721 

15.800 

N/A 

8.024 

23.824 

nnngigiim 

1200 

50 

No 

76.659 

13.337 

N/A 

8.971 

23.308 

54 

No 

76.087 

14.738 

N/A 

8.535 

23.273 

72 

IMilil 

Eil 

No 

76.160 

14.313 

N/A 

10.217 

24.530 

73 

iM»M 

Eil 

76.261 

14.208 

N/A 

24.766 

35 

300 

80 

No 

76.204 

13.533 

N/A 

7.251 

20.784 

47 

300 

80 

No 

14.513 

N/A 

7.401 

21.914 

48 

300 

80 

No 

13.779 

N/A 

7.457 

21.236 

64 

300 

80 

No 

14.578 

N/A 

5.477 

20.055 

65 

300 

80 

No 

14.808 

N/A 

6.088 

20.896 

34 

600 

80 

No 

13.497 

N/A 

11.207 

45 

600 

80 

No 

14.276 

N/A 

11.643 

25.919 

600 

80 

No 

75.980 

14.601 

N/A 

11.739 

26.340 

70 

600 

80 

No 

75.970 

14.614 

N/A 

11.145 

25.759 

80 

80 

No 

76.059 

14.387 

N/A 

11.629 

26.016 

37 

E?tl 

No 

15.367 

N/A 

12.286 

27.653 

38 

IHiltl 

ESI 

No 

13.867 

N/A 

12.900 

26.767 

71 

1200 

80 

No 

75.947 

14.368 

N/A 

13.354 

27.722 

81 

1200 

80 

No 

76.186 

14.271 

N/A 

12.451 

26.722 

82 

reilil 

ESI 

No 

75.928 

14.697 

N/A 

13.169 

27.866 

60 

300 

80 

Yes 

76.383 

14.682 

0.980 

5.977 

21.639 

61 

ESI 

76.045 

14.385 

0.729 

6.175 

21.289 

66 

80 

Yes 

76.107 

14.351 

5.078 

21.019 

67 

300 

80 

Yes 

75.895 

14.312 

1.713 

5.067 

21.092 

75 

300 

80 

Yes 

76.029 

14.226 

1.809 

5.344 

21.379 

57 

600 

80 

Yes 

76.119 

14.526 

0.880 

10.457 

25.863 

58 

600 

ESI 

Yes 

76.037 

14.399 

1.031 

10.562 

25.992 

59 

600 

80 

Yes 

76.171 

14.722 

0.959 

10.546 

26.227 

600 

80 

Yes 

76.465 

13.842 

0.767 

10.848 

25.457 

IBsBI 

80 

Yes 

76.369 

14.109 

0.856 

25.442 

51 

IBiBl 

ESI 

Yes 

76.074 

14.372 

1.015 

11.195 

26.582 

52 

miiil 

76.128 

14.575 

0.810 

11.708 

27.093 

rai!il 

80 

Yes 

76.291 

14.231 

1.609 

10.817 

26.657 

77 

1200 

80 

Yes 

76.141 

14.098 

1.821 

11.529 

27.448 

78 

1200 

80 

Yes 

76.070 

14.344 

1.000 

11.778 

27.122 
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APPENDIX  D 


Statistical  Assessment  of  Results:  SAS/STAT^  Output 


SAS  programs  and  output  for  the  Analysis  of  Variance  (ANOVA),  means  tests, 
homogeneity  of  variance,  and  normality  assessments  are  enclosed  in  this  Appendix  for 
hypotheses  1  and  2. 
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ANOVA  and  means  tests  for  first  hypothesis 
(RELATIVE  HUMIDITY  and  CONCENTRATION) 


options  linesize=78  pagesize=60  nodate; 

title  'Evaluation  of  Challenge  Cone  and  RH  Treatments  at  10%  Breakthrough'; 

*  Read  the  full  dataset  and  use  only  80%  RH  data; 
data  rh; 

infile  'a:\sas\full.dat'; 
input  fraction  cx  cone  rh  prior  time; 
if  prior  =  1  then  delete; 
if  fraction  0.1  then  delete; 

*  Group  the  cells  for  between- cell  comparisons; 

if  (conc=300  and  rh=50)  then  cell  =  1; 

if  (conc=600  and  rh=50)  then  cell  =  2; 

if  {conc=1200  and  rh=50)  then  cell  =  3; 
if  (conc=300  and  rh=80)  then  cell  =  4; 

if  {conc=600  and  rh=80)  then  cell  =  5; 

if  (conc=1200  and  rh=80)  then  cell  =  6; 

*  Test  challenge  concentration  vs.  prior  exposure; 
proc  anova; 

class  rh  conc; 

model  time  =  rh  conc  rh*conc; 
means  conc  /  tukey; 
means  rh  /  tukey; 

*  Test  cells  for  homogeneity  of  variance  &  normality, 
and  significant  difference  between  means; 

proc  glm; 

class  cell; 

model  time  =  cell; 

means  cell  /  hovtest; 

proc  univariate  plot  normal ; 
var  time; 
by  rh  conc; 


*  Test  differences  between  means 

*  (since  there  is  interaction,  must  use  blocked  approach) 
proc  sort; 

by  rh; 
proc  glm; 

class  cell; 
model  time  =  cell; 
means  cell  /  tukey; 
by  rh; 

proc  sort; 

by  conc; 
proc  anova; 

class  cell; 
model  time  =  cell; 
means  cell  /  tukey; 
by  conc; 

proc  print; 
run; 
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Evaluation  of  Challenge  Cone  and  RH  Treatments  at  10%  Breakthrough 


Analysis  of  Variance  Procedure 
Class  Level  Information 


Class 

Levels 

Values 

RH 

2 

50  80 

CONC 

3 

300  600 

1200 

Number  of 

observations 

in  data 

set  : 

Analysis  of  Variance  Procedure 


Dependent  Variable :  TIME 


Sum  of 

Mean 

Source 

DF 

Squares 

Square 

F  Value 

Pr  >  F 

Model 

5 

109011.8667 

21802.3733 

742.42 

0.0001 

Error 

24 

704,8000 

29.3667 

Corrected  Total 

29 

109716.6667 

R- Square 

C.V, 

Root  MSE 

TIME  Mean 

0.993576 

4.809854 

5.419102 

112.6667 

Source 

DF 

Anova  SS 

Mean  Square 

F  Value 

Pr  >  F 

RH 

1 

10010 . 13333 

10010.13333 

340.87 

0.0001 

CONC 

2 

88983.26667 

44491.63333 

1515.04 

0.0001 

RH*CONC 

2 

10018.46667 

5009.23333 

170.58 

0.0001 

Analysis  of  Variance  Procedure 


Tukey's  Studentized  Range  (HSD)  Test  for  variable:  TIME 


NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  24  MSE=  29.36667 
Critical  Value  of  Studentized  Range=  3.532 
Minimum  Significant  Difference=  6.0522 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean 

N 

CONC 

A 

184.900 

10 

300 

B 

99.700 

10 

600 

C 

53.400 

10 

1200 
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Analysis  of  Variance  Procedure 


Tukey’s  Studentized  Range  (HSD)  Test  for  vari2d>le:  TIME 

NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  24  MSE=  29.36667 
Critical  Value  of  Studentized  Range=  2.919 
Minimum  Significant  Dif ference=  4 . 084 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean 

N 

RH 

A 

130 . 933 

15 

50 

B 

94 .400 

15 

80 

General  Linear  Models  Procedure 
Class  Level  Information 

Class  Levels  Values 


CELL 

6  1 

2  3  4  5  6 

Number  of 

observations  in 

data  set  =30 

General  Linear  Models 

Procedure 

Dependent  Variable 

Source 

::  TIME 

DF 

Sum  of 
Squares 

Mean 

Square 

F  Value 

Pr  >  F 

Model 

5 

109011.8667 

21802.3733 

742.42 

0.0001 

Error 

24 

704 . 8000 

29.3667 

Corrected  Total 

29 

109716 . 6667 

R- Square 

C.V. 

Root  MSE 

TIME  Mean 

0.993576 

4.809854 

5.419102 

112.6667 

Source 

DF 

Type  I  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

5 

109011 . 8667 

21802.3733 

742.42 

0.0001 

Source 

DF 

Type  III  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

5 

109011.8667 

21802.3733 

742.42 

0.0001 
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General  Linear  Models  Procedure 


Levene's  Test  for  Equality  of  TIME  Variance 
ANOVA  of  Squared  Deviations  from  Group  Means 

Sum  of  Mean 

Source  DF  Squares  Square  F  Value  Pr  >  F 

CELL  5  16228.2  3245.6  2.4369  0.0638 

Error  24  31965.2  1331.9 


General  Linear  Models  Procedure 


Level  of  - TIME - 

CELL  N  Mean  SD 


1  5  228.800000  9.60208311 

2  5  108.000000  2.34520788 

3  5  56.000000  3.80788655 

4  5  141.000000  5.52268051 

5  5  91.400000  4.39317653 

6  5  50.800000  3.76828874 

Evaluation  of  Challenge  Cone  and  RH  Treatments  at  10%  Breakthrough  98 
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RH=50 


Univariate  Procedure 
Va r i ab 1 e =TIHE 

Moments 


N 

15 

Sum  Wgts 

15 

Mean 

130.9333 

Sum 

1964 

Std  Dev 

75.13936 

Variance 

5645.924 

Skewness 

0.50858 

Kurtosis 

-1.55749 

USS 

336196 

CSS 

79042 . 93 

CV 

57.3875 

Std  Mean 

19.4009 

T:Mean=0 

6.748828 

Pr>|T| 

0.0001 

Num  0 

15 

Num  >  0 

15 

M{Sign) 

7.5 

Pr>=|M| 

0.0001 

Sgn  Rank 

60 

Pr>=js 1 

0.0001 

W: Normal 

0.814914 

Pr<W 

0.0053 

Quantiles (Def=5) 


100%  Max 

243 

99% 

243 

75%  Q3 

221 

95% 

243 

50%  Med 

109 

90% 

232 

25%  Q1 

59 

10% 

52 

0%  Min 

52 

5% 

52 

1% 

52 

Range 

191 

Q3-Q1 

162 

Mode 

52 

Extremes 

Lowest  Obs 

52(  14) 

52(  12) 

57(  13) 

59(  11) 

60(  15) 


Stem  Leaf 
2  22334 
1 

1  01111 
0  55666 

Multiply  Stem. Leaf  by  10**+2 


Highest 
219{ 
221( 
229( 
232  ( 
243  { 


Obs 


2) 

1) 

3) 

4) 

5) 


Boxplot 


* _ I _ * 

+ - + 


no 


RH=50 


Univariate  Procedure 
Variable=TIME 

Normal  Probability  Plot 

225+  *  *  *++*+++  * 

I  +++++++ 

I  +**+*++* 

75+  *  *  +*+*+* 

+ - + - + - + - + - + - 4. - + - + - + - + 

-2  -1  0  +1  +2 


Evaluation  of  Challenge  Cone  and  RH  Treatments  at  10%  Breakthrough 

-  RH=80  - 

Univariate  Procedure 


Variable=TIME 


Moments 


N 

15 

Mean 

94.4 

Std  Dev 

38.41837 

Skewness 

0.146423 

USS 

154334 

CV 

40.69743 

T:Mean=0 

9.516531 

Num  0 

15 

M (Sign) 

7.5 

Sgn  Rank 

60 

W: Normal 

0.87524 

Sum  Wgts 

15 

Sum 

1416 

Variance 

1475.971 

Kurtosis 

-1.55365 

CSS 

20663.6 

Std  Mean 

9.919581 

Pr>|T| 

0.0001 

Num  >  0 

15 

Pr>= |m| 

0.0001 

Pr>=jsi 

0.0001 

Pr<W 

0.0405 

Quantiles {Def=5) 


100%  Max 

149 

99% 

149 

75%  Q3 

138 

95% 

14  9 

50%  Med 

92 

90% 

144 

25%  Q1 

51 

10% 

49 

0%  Min 

47 

5% 

47 

1% 

47 

Range 

102 

Q3-Q1 

87 

Mode 

47 

100 
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Extremes 


Lowest  Obs 


Highest  Obs 


47{ 

13) 

135( 

1) 

49{ 

14) 

138( 

3) 

50{ 

15) 

139( 

2) 

51( 

11) 

144  ( 

5) 

57{ 

12) 

149( 

4) 

Stem  Leaf 
14  49 
12  589 
10 


50237 


79017 


Multiply  Stem. Leaf  by  10**+1 


Boxplot 

I 

+ - + 

I  I 

*  — I _ * 

I  I 

+ - + 


RH=80 


Univariate  Procedure 
VariablesTIHE 

Normal  Probability  Plot 

150+  *++++* 

I  *  *+*++ 

I  +++++ 

I  **+*+** 

I  +++++ 

50+  *  ++*++*  *  * 

+ - + - + - + - + - + - + - + - + - + 

-2  -1  0  +1  +2 
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Univariate  Procedure 
Schematic  Plots 

Variable=TIME 


I 

260  + 


240  + 


220  + 


200  + 


180  + 


160  + 


140  + 


120  + 


100  + 


80  + 


60  + 


40  + 


RH  50 


I 


+ 


80 
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General  Linear  Models  Procedure 
Class  Level  Information 


Class  Levels  Values 

CELL  3  123 


Number  of  observations  in  by  group  =  15 

- - - - RH=50 . . 

General  Linear  Models  Procedure 
Dependent  Variable :  TIME 


Source 

DF 

Sum  of 
Squares 

Mean 

Square 

F  Value 

Pr  >  F 

Model 

2 

78594 . 13333 

39297.06667 

1050.72 

0.0001 

Error 

12 

448.80000 

37.40000 

Corrected  Total 

14 

79042.93333 

R-Square 

C.V. 

Root  MSE 

TIME  Mean 

0.994322 

4.670739 

6.115554 

130.9333 

Source 

DF 

Type  I  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

2 

78594.13333 

39297.06667 

1050.72 

0.0001 

Source 

DF 

Type  III  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

2 

78594.13333 

39297.06667 

1050.72 

0.0001 

- RH=50 

General 

Linear  Models 

Procedure 

Tukey’s  Studentized  Range  (HSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha-  0.05  df=  12  MSE=  37.4 
Critical  Value  of  Studentized  Range-  3,773 
Minimum  Significant  Difference-  10.318 

Means  with  the  same  letter  are  not  significantly  different . 

Tukey  Grouping  Mean  N  CELL 

A  228.800  5  1 

B  108.000  5  2 

C  56.000  5  3 
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- - RH=80 - 

General  Linear  Models  Procedure 
Class  Level  Information 

Class  Levels  Values 

CELL  3  456 

Number  of  observations  in  by  group  =  15 

• . . RH=80 . . 

General  Linear  Models  Procedure 


Source 

DF 

Dependent 

Sum  of 
Squares 

Variable:  TIME 

Mean 

Square 

F  Value 

Pr  >  F 

Model 

2 

20407.60000 

10203 . 80000 

478.30 

0.0001 

Error 

12 

256.00000 

21.33333 

Corrected  Total 

14 

20663.60000 

R- Square 

C.V. 

Root  MSE 

TIME  Mean 

0.987611 

4.892799 

4.618802 

94.40000 

Source 

DF 

Type  I  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

2 

20407.60000 

10203.80000 

478.30 

0.0001 

Source 

DF 

Type  III  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

2 

20407.60000 

10203.80000 

478.30 

0.0001 

- - - . . RH=80  . - . 

General  Linear  Models  Procedure 

Tukey's  Studentized  Range  (HSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  e^^erimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  12  MSE=  21.33333 
Critical  Value  of  Studentized  Range=  3.773 
Minimum  Significant  Difference=  7.793 

Means  with  the  same  letter  are  not  significantly  different. 

Tukey  Grouping  Mean  N  CELL 

A  141.000  5  4 

B  91.400  5  5 

C  50.800  5  6 
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CONC=:300 


Analysis  of  Variance  Procedure 
Class  Level  Information 


Class 

CELL 


Levels 

2 


Values 
1  4 


Number  of  observations  in  by  group  =  10 


-  CONC=300  - 

Analysis  of  Variance  Procedure 


Dependent  Variable; 

TIME 

Sum  of 

Mean 

Source 

DF 

Squares 

Square 

F  Value 

Pr  >  F 

Model 

1 

19272.10000 

19272.10000 

314 . 13 

0.0001 

Error 

8 

490.80000 

61.35000 

Corrected  Total 

9 

19762 . 90000 

R- 

Square 

C.V, 

Root  MSE 

TIME  Mean 

0. 

,  975166 

4.236141 

7.832624 

184.9000 

Source 

DF 

Anova  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

1 

19272 . 10000 

19272,10000 

314.13 

0.0001 

-  CONC=300  - 

Analysis  of  Variance  Procedure 

Tukey*s  Studentized  Range  (HSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  8  MSE=  61.35 
Critical  Value  of  Studentized  Range=  3.261 
Minimum  Significant  Differences  11.423 

Means  with  the  same  letter  are  not  significantly  different. 

Tukey  Grouping  Mean  N  CELL 

A  228.800  5  1 

B  141.000  5  4 
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. . CONC=600  - 

Analysis  of  Variance  Procedure 
Class  Level  Information 

Class  Levels  Values 

CELL  2  25 


Number  of  observations  in  by  group  =10 


-  CONC=600  . . 

Analysis  of  Variance  Procedure 


Dependent  Variable 

TIME 

Sum  of 

Mean 

Source 

DF 

Squares 

Square 

F  Value 

Pr  >  F 

Model 

1 

688.9000000 

688.9000000 

55.56 

0.0001 

Error 

8 

99.2000000 

12.4000000 

Corrected  Total 

9 

788.1000000 

R-Square 

C.V. 

Root  MSE 

TIME  Mean 

0.874128 

3.531959 

3.521363 

99.70000 

Source 

DF 

Anova  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

1 

688.9000000 

688.9000000 

55.56 

0.0001 

- - CONC=600  - 

Analysis  of  Variance  Procedure 

Tukey's  Studentized  Range  (BSD)  Test  for  variable:  TIME 

NOTE;  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  8  MSE=  12.4 
Critical  Value  of  Studentized  Range=  3.261 
Minimum  Significant  Difference=  5.1357 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean 

N 

CELL 

A 

108.000 

5 

2 

B 

91.400 

5 

5 
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- - CONC=1200  - 

Analysis  of  Variance  Procedure 
Class  Level  Information 

Class  Levels  Values 

CELL  2  36 

Number  of  observations  in  by  group  =  10 


- - - CONC=1200  - - 

Analysis  of  Variance  Procedure 

Tukey's  Studentized  Range  (HSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  experiment wise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  8  MSE=  14.35 
Critical  Value  of  Studentized  Range=  3.261 
Minimum  Significant  Difference^  5.5247 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean 

N 

CELL 

A 

56.000 

5 

3 

A 

A 

50.800 

5 

6 
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OBS 

FRACTION 

cx 

CONC 

RH 

PRIOR 

TIME 

CELL 

1 

0.1 

30 

300 

50 

0 

221 

1 

2 

0.1 

30 

300 

50 

0 

219 

1 

3 

0.1 

30 

300 

50 

0 

229 

1 

4 

0.1 

30 

300 

50 

0 

232 

1 

5 

0.1 

30 

300 

50 

0 

243 

1 

6 

0.1 

30 

300 

80 

0 

135 

4 

7 

0.1 

30 

300 

80 

0 

139 

4 

8 

0.1 

30 

300 

80 

0 

138 

4 

9 

0.1 

30 

300 

80 

0 

149 

4 

10 

0.1 

30 

300 

80 

0 

144 

4 

11 

0.1 

60 

600 

50 

0 

108 

2 

12 

0.1 

60 

600 

50 

0 

109 

2 

13 

0.1 

60 

600 

50 

0 

104 

2 

14 

0.1 

60 

600 

50 

0 

110 

2 

15 

0.1 

60 

600 

50 

0 

109 

2 

16 

0.1 

60 

600 

80 

0 

92 

5 

17 

0.1 

60 

600 

80 

0 

85 

5 

18 

0.1 

60 

600 

80 

0 

93 

5 

19 

0.1 

60 

600 

80 

0 

90 

5 

20 

0.1 

60 

600 

80 

0 

97 

5 

21 

0.1 

120 

1200 

50 

0 

59 

3 

22 

0.1 

120 

1200 

50 

0 

52 

3 

23 

0.1 

120 

1200 

50 

0 

57 

3 

24 

0.1 

120 

1200 

50 

0 

52 

3 

25 

0.1 

120 

1200 

50 

0 

60 

3 

26 

0.1 

120 

1200 

80 

0 

51 

6 

27 

0.1 

120 

1200 

80 

0 

57 

6 

28 

0.1 

120 

1200 

80 

0 

47 

6 

29 

0.1 

120 

1200 

80 

0 

49 

6 

30 

0.1 

120 

1200 

80 

0 

50 

6 
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ANOVA  and  means  tests  for  second  hypothesis 
(PRIOR  EXPOSURE  and  CONCENTRATION) 

options  linesize=78  pagesize=60  nodate; 

title  'Evaluation  of  Challenge  Cone  and  PE  Treatment  at  10%  Breakthrough'; 

*  Read  the  full  dataset  and  use  only  80%  RH  data; 
data  prior; 

infile  'a:\sas\full.dat'; 
input  fraction  cx  cone  rh  prior  time; 
if  rh  =  50  then  delete; 
if  fraction  0.1  then  delete; 

*  Group  the  cells  for  between-cell  comparisons; 

if  (conc=300  and  prior=0)  then  cell  =  1; 

if  (conc=600  and  prior=0)  then  cell  =  2; 

if  (conc=1200  and  prior=0)  then  cell  =  3; 
if  (conc=300  and  prior=l)  then  cell  =  4; 

if  (conc=600  and  prior=l)  then  cell  =  5; 

if  (conc=1200  and  prior=l)  then  cell  =  6; 

*  Test  challenge  concentration  vs.  prior  exposure; 
proc  anova; 

class  prior  cone; 

model  time  =  prior  cone  prior* cone; 

means  cone  /  tukey; 

means  prior  /  tukey; 

*  Test  cells  for  homogeneity  of  variance,  normality, 
and  significant  difference  between  means; 

proc  glm; 

class  cell; 
model  time  =  cell; 

means  cell  /  hovtest  tukey; 

proc  univariate  plot  normal; 
var  time ; 
by  prior  conc; 
proc  print; 
run; 
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Evaluation  of  Challenge  Cone  and  PE  Treatment  at  10%  Breakthrough 


Analysis  of  Variance  Procedure 
Class  Level  Information 

Class  Levels  Values 

PRIOR  2  01 

CONC  3  300  600  1200 

Number  of  observations  in  data  set  =30 


Analysis  of  Variance  Procedure 


Dependent  Variable:  TIME 


Sum  of 

Mean 

Source 

DF 

Squares 

Square 

F  Value 

Pr  >  F 

Model 

5 

39296.56667 

7859.31333 

452.99 

0.0001 

Error 

24 

416.40000 

17.35000 

Corrected  Total 

29 

39712.96667 

R- Square 

C.V. 

Root  MSE 

TIME  Mean 

0.989515 

4.609369 

4.165333 

90.36667 

Source 

DF 

Anova  SS 

Mean  Square 

F  Value 

Pr  >  F 

PRIOR 

1 

488.03333 

488.03333 

28.13 

0.0001 

CONC 

2 

38768.46667 

19384.23333 

1117.25 

0.0001 

PRIOR* CONC 

2 

40.06667 

20.03333 

1.15 

0.3321 

Analysis  of  Variance  Procedure 


Tukey’s  Studentized  Range  (HSD)  Test  for  variable;  TIME 


NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  24  MSE=  17.35 
Critical  Value  of  Studentized  Range=  3.532 
Minimum  Significant  Difference=  4.6519 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean 

N 

CONC 

A 

136.200 

10 

300 

B 

86 . 500 

10 

600 

C 

48.400 

10 

1200 
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Analysis  of  Variance  Procedure 


Tvikey's  Studentized  Range  (HSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  experiment wise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0.05  df=  24  MSE=  17.35 
Critical  Value  of  Studentized  Range=  2.919 
Minimum  Significant  Difference-  3.1391 

Means  with  the  same  letter  are  not  significantly  different. 


Tukey  Grouping 

Mean  N  PRIOR 

A 

94, 

.400  15  0 

B 

86 

.333  15  1 

General  Linear  Models  Procedure 

Class  Level  information 

Class 

Levels 

Values 

CELL 

6 

1 

2  3  4  5  6 

Number  of  observations  : 

in 

data  set  =30 

General 

Linear  Models 

Procedure 

Dependent  Variable:  TIME 

Source  DF 

Sum  of 
Squares 

Mean 

Square 

F  Value 

Pr  >  F 

Model 

5 

39296.56667 

7859.31333 

452.99 

0.0001 

Error 

24 

416.40000 

17.35000 

Corrected  Total 

29 

39712.96667 

R- Square 

C.V. 

Root  MSE 

TIME  Mean 

0.989515 

4.609369 

4.165333 

90.36667 

Source 

DF 

Type  I  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

5 

39296.56667 

7859.31333 

452.99 

0.0001 

Source 

DF 

Type  III  SS 

Mean  Square 

F  Value 

Pr  >  F 

CELL 

5 

39296.56667 

7859.31333 

452.99 

0.0001 
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General  Linear  Models  Procedure 


Levene's  Test  for  Equality  of  TIME  Variance 
ANOVA  of  Squared  Deviations  from  Group  Means 


Source 

DF 

Sum  of 
Squares 

Mean 

Square 

F  Value 

Pr  >  F 

CELL 

5 

846.6 

169.3 

0.6156 

0.6890 

Error 

24 

6601.7 

275.1 

General  Linear  Models  Procedure 

Tukey*s  Studentized  Range  (BSD)  Test  for  variable:  TIME 

NOTE:  This  test  controls  the  type  I  experimentwise  error  rate,  but 
generally  has  a  higher  type  II  error  rate  than  REGWQ. 

Alpha=  0,05  df=  24  MSE=  17.35 
Critical  Value  of  Studentized  Range=  4.373 
Minimum  Significant  Difference=  8.1454 

Means  with  the  same  letter  are  not  significantly  different. 

Tukey  Grouping  Mean  N  CELL 

A  141,000  5  1 

B  131.400  5  4 

C  91.400  5  2 

D  81.600  5  5 

E  50.800  5  3 

E 

E  46.000  5  6 
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PRIOR=0  CONC=300 


Univariate  Procedure 
Variable=:TlM£ 
Moments 


N 

5 

Mean 

141 

Std  Dev 

5.522681 

Skewness 

0.712412 

USS 

99527 

CV 

3.916795 

T:Mean=0 

57.08923 

Num  '*'=  0 

5 

M  (Sign) 

2.5 

Sgn  Rank 

7,5 

W: Normal 

0.947621 

Sum  Wgts 

5 

Sum 

705 

Variance 

30.5 

Kurt os is 

-0.51545 

CSS 

122 

Std  Mean 

2.469818 

Pr>|T| 

0.0001 

Num  >  0 

5 

Pr>= |m| 

0.0625 

Pr>=isj 

0.0625 

Pr<W 

0.7275 

Quantiles (Def=5) 


100%  Max 

149 

99% 

149 

75%  Q3 

144 

95% 

149 

50%  Med 

139 

90% 

149 

25%  Q1 

138 

10% 

135 

0%  Min 

135 

5% 

135 

1% 

135 

Range 

14 

Q3-Q1 

6 

Mode 

135 

Extremes 


Lowest 

Obs 

Highest 

Obs 

135( 

1) 

135  ( 

1) 

138  { 

3) 

138  ( 

3) 

139  ( 

2) 

139( 

2) 

144  ( 

5) 

144  { 

5) 

149( 

4) 

149  { 

4) 

Stem  Leaf 

# 

148  0 

1 

146 
144  0 
142 
140 

138  00 
136 
134  0 


Boxplot 

I 

I 

+ - + 
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PRIOR=0  CONC«300 


149+ 


135+ 

+ - + 

-2 


Univariate  Procedure 
Variable =TIME 

Normal  Probability  Plot 

*++++ 

+++ 

*++++ 

++++ 

+++ 

*+++  * 

++++ 

*++ 

- + - + - + - ^ - 

-1  0  +1 


•-  + - + 

+2 
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PRIORI 0  CONC=600 


Univariate  Procedure 
Variable=TIME 

Moments 


Stem 

96 

94 

92 

90 

88 

86 

84 


N 

5 

Sum  Wgts 

5 

Mean 

91.4 

Sum 

457 

Std  Dev 

4.393177 

Variance 

19.3 

Skewness 

-0.41751 

Kurt os is 

0.965664 

USS 

41847 

CSS 

77.2 

CV 

4.806539 

Std  Mean 

1.964688 

T:Mean=0 

46.52138 

Pr>|T| 

0.0001 

Num  0 

5 

Num  >  0 

5 

M (Sign) 

2.5 

Pr>= |m| 

0.0625 

Sgn  Rank 

7.5 

Pr>=js| 

0.0625 

W: Normal 

0.980238 

Pr<W 

0.9224 

Quantiles (Def = 

=5) 

100%  Max 

97 

99% 

97 

75%  Q3 

93 

95% 

97 

50%  Med 

92 

90% 

97 

25%  Q1 

90 

10% 

85 

0%  Min 

85 

5% 

85 

1% 

85 

Range 

12 

Q3-Q1 

3 

Mode 

85 

Extremes 

Lowest 

Obs 

Highest 

Obs 

85( 

2) 

85( 

2) 

90  ( 

4) 

90( 

4) 

92  { 

1) 

92{ 

1) 

93  ( 

3) 

93  ( 

3) 

97  ( 

5) 

97  ( 

5) 

Leaf 

# 

Boxplot 

0 

1 

1 

1 

00 

2 

1 

+ - + 

0 

1 

0 

1 

■  + 

0 
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PRIOR=0  CONC=600 


97+ 

I 

I 

91  + 

I 

I 

85+ 


-2 


Univariate  Procedure 

Variable=TIME 

Normal  Probability  Plot 

+*+++ 

+++++ 

*  +++* 

*  +++++ 

++++ 

+++++ 

++++* 

_+ - + - + - + - + - + - + 

-1  0  +1 


._  + - + 

+2 
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PRIOR=0  CONC=1200 


Univariate  Procedure 
Variable=TIME 

Moments 


N 

5 

Sum  Wgts 

5 

Mean 

50.8 

Sum 

254 

Std  Dev 

3.768289 

Variance 

14.2 

Skewness 

1.379189 

Kurt os is 

2.520333 

USS 

12960 

CSS 

56.8 

CV 

7.417891 

Std  Mean 

1.68523 

T:Mean=0 

30.14425 

Pr>|T| 

0.0001 

Num  0 

5 

Num  >  0 

5 

M{Sign) 

2.5 

Pr>= |m| 

0.0625 

Sgn  Rank 

7.5 

Pr>= |s| 

0.0625 

W : Normal 

0.894664 

Pr<W 

0.3786 

Quantiles {Def =5) 


100%  Max 

57 

99% 

57 

75%  Q3 

51 

95% 

57 

50%  Med 

50 

90% 

57 

25%  Q1 

49 

10% 

47 

0%  Min 

47 

5% 

47 

1% 

47 

Range 

10 

Q3-Q1 

2 

Mode 

47 

Extremes 

Lowest 

Obs 

Highest 

Obs 

47( 

3) 

47  ( 

3) 

49  ( 

4) 

49{ 

4) 

50{ 

5) 

50  ( 

5) 

51( 

1) 

51{ 

1) 

57  { 

2) 

57  { 

2) 

stem  Leaf 

# 

Boxplot 

56  0 

1 

0 

54 

52 

50  00 

2 

48  0 

1 

+ - + 

46  0 

1 

1 

- + - + - + - + 
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PRIOR=0  CONC=1200 


57+ 


47  + 

+ - + 

-2 


Univariate  Procedure 
Variable=TIME 

Normal  Probability  Plot 

*  ++++++ 

+++++ 

+++++ 

++*+++  * 

++*++ 

*++++ 

+ - + - + - + - + - + - + - + - + 

-1  0  +1  +2 
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PRI0R=1  CONC=300 


Univariate  Procedure 
Variable=TIME 

Moments 


N 

5 

Mean 

131.4 

Std  Dev 

4.219005 

Skewness 

-0.83091 

USS 

86401 

CV 

3.21081 

T;Mean=0 

69.64186 

Num  ‘^=  0 

5 

M (Sign) 

2.5 

Sgn  Rank 

7.5 

W: Normal 

0.961922 

Sum  Wgts 

5 

Sum 

657 

Variance 

17.8 

Kurtosis 

0.581366 

CSS 

71.2 

Std  Mean 

1.886796 

Pr>|T| 

0.0001 

Num  >  0 

5 

Pr>-|M| 

0.0625 

Pr>=|sj 

0.0625 

Pr<W 

0.8204 

Quantiles (Def=5) 


100%  Max 

136 

99% 

136 

75%  Q3 

134 

95% 

136 

50%  Med 

132 

90% 

136 

25%  Q1 

130 

10% 

125 

0%  Min 

125 

5% 

125 

1% 

125 

Range 

11 

Q3-Q1 

4 

Mode 

125 

Extremes 


Lowest  Obs 


125  ( 

3) 

130{ 

2) 

132  ( 

4) 

134{ 

5) 

136  ( 

1) 

Highest  Obs 


125  ( 

3) 

130{ 

2) 

132  ( 

4) 

134  ( 

5) 

136  ( 

1} 

Stem  Leaf 
136  0 
134  0 
132  0 
130  0 
128 
126 
124  0 


# 

1 

1 

1 

1 


1 


Boxplot 

I 

+ - + 

* - * 
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-  PRI0R=1  CONC-300  -• 
Univariate  Procedure 
VariablesTIME 


137+ 

I 

I 

131  + 

I 

I 

125  + 


Normal  Probability  Plot 

+  *+++ 

*  ++++ 

*  +++++ 

*  +++++ 

+++++ 

++++ 

+++++* 

--+ - + - + - + - + - + - + - + - +  - 

-2  -1  0  +1  +2 
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PRI0R=1  CONC=600 


Univariate  Procedure 


Variable=TlME 


N 

5 

Sum  Wgts 

5 

Mean 

81.6 

Sum 

408 

Std  Dev 

3.435113 

Variance 

11.8 

Skewness 

-0.60689 

Kurtosis 

-2.03821 

USS 

33340 

CSS 

47.2 

CV 

4.209697 

Std  Mean 

1.536229 

T : Mean=  0 

53.11708 

Pr>|T| 

0.0001 

Num  0 

5 

Num  >  0 

5 

M (Sign) 

2.5 

Pr>=|M| 

0.0625 

Sgn  Rank 

7.5 

Pr>= 1 S 1 

0.0625 

W: Normal 

0.901556 

Pr<W 

0.4155 

Quantiles {Def=5) 

100%  Max 

85 

99% 

85 

75%  Q3 

84 

95% 

85 

50%  Med 

83 

90% 

85 

25%  Q1 

79 

10% 

77 

0%  Min 

77 

5% 

77 

1% 

77 

Range 

8 

Q3-Q1 

5 

Mode 

77 

Extremes 

Lowest 

Obs 

Highest 

Obs 

77  ( 

1) 

77( 

1) 

79( 

4) 

79  ( 

4) 

83  { 

3) 

83  ( 

3) 

84  ( 

2) 

84  ( 

2) 

85( 

5) 

85( 

5) 

Stem  Leaf 

# 

Boxplot 

85  0 

1 

1 

84  0 

1 

+ - + 

83  0 

1 

*  _  -  * 

82 

1  1 

81 

1  +  1 

80 

1  1 

79  0 

1 

+ - + 

78 

1 

77  0 

1 

1 
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PRIORsl  CONC=600 


Univariate  Procedure 


Variable=;TIME 


Normal  Probability  Plot 


-  + - + - + 
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PRI0R=1  CONC:=1200  -■ 
Univariate  Procedure 
Variable=TIME 


Moments 


N 

5 

Sum  Wgts 

5 

Mean 

46 

Sum 

230 

Std  Dev 

3.24037 

Variance 

10.5 

Skewness 

-0.58782 

Kurt os is 

-2.89796 

USS 

10622 

CSS 

42 

CV 

7.044283 

Std  Mean 

1.449138 

T:Mean=0 

31.74302 

Pr>|T| 

0.0001 

Num  0 

5 

Num  >  0 

5 

M(Sign) 

2.5 

Pr>-|M| 

0.0625 

Sgn  Rank 

7.5 

Pr>=js 1 

0.0625 

W : Normal 

0.817247 

Pr<W 

0.1095 

Quantiles {Def= 

=  5) 

100%  Max 

49 

99% 

49 

75%  Q3 

48 

95% 

49 

50%  Med 

48 

90% 

49 

25%  Q1 

43 

10% 

42 

0%  Min 

42 

5% 

42 

1% 

42 

Range 

7 

Q3-Q1 

5 

Mode 

48 

Extremes 

Lowest 

Obs 

Highest 

Obs 

42  ( 

3) 

42  ( 

3) 

43  ( 

4) 

43( 

4) 

48( 

5) 

48  ( 

2) 

48( 

2) 

48( 

5) 

49( 

1) 

49( 

1) 

Stem  Leaf 
49  0 
48  00 
47 
46 
45 
44 

43  0 
42  0 
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PRI0R=1  CONC=1200 


Univariate  Procedure 
VariablesTIME 


49.5+ 


42.5+ 

+ - + 

-2 


Normal  Probability  Plot 
++* 

*  *  +++ 

+++ 

++++ 

+++ 

+++ 

+++  * 

*++ 

+ - + - + - + - + - + - + - + - + 

-1  0  +1  +2 
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Variable=TIME 


Univariate  Procediire 
Schematic  Plots 


150  + 


140  + 


130  + 


120  + 


110  + 


100  + 


90  + 

I 

I 

I 

80  + 


70  + 


60  + 


50  + 


40  + 

CONC 

PRIOR 


+ - 

300 

0 


+ - + 


0 


0 


+ - + - + - 

600  1200  300 

0  0  1 
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Univariate  Procedure 
Schematic  Plots 


Variable=TIME 

I 

150  + 


140  + 


130  + 


120  + 


110  + 


100  + 


90  + 


I 

80  + 


70  + 


60  + 


50  + 

I 


40  + 

CONC 

PRIOR 


600 

1 


* - * 

+ 

+ - + 


+ - 

1200 

1 
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OBS 

FRACTION 

cx 

CONC 

RH 

PRIOR 

TIME 

CELL 

1 

0.1 

30 

300 

80 

0 

135 

1 

2 

0.1 

30 

300 

80 

0 

139 

1 

3 

0.1 

30 

300 

80 

0 

138 

1 

4 

0.1 

30 

300 

80 

0 

149 

1 

5 

0.1 

30 

300 

80 

0 

144 

1 

6 

0.1 

60 

600 

80 

0 

92 

2 

7 

0.1 

60 

600 

80 

0 

85 

2 

8 

0.1 

60 

600 

80 

0 

93 

2 

9 

H 

O 

60 

600 

80 

0 

90 

2 

10 

0.1 

60 

600 

80 

0 

97 

2 

11 

0.1 

120 

1200 

80 

0 

51 

3 

12 

0.1 

120 

1200 

80 

0 

57 

3 

13 

0.1 

120 

1200 

80 

0 

47 

3 

14 

0.1 

120 

1200 

80 

0 

49 

3 

15 

H 

O 

120 

1200 

80 

0 

50 

3 

16 

0.1 

30 

300 

80 

1 

136 

4 

17 

0.1 

30 

300 

80 

1 

130 

4 

18 

o 

1-* 

30 

300 

80 

1 

125 

4 

19 

0.1 

30 

300 

80 

1 

132 

4 

20 

H 

O 

30 

300 

80 

1 

134 

4 

21 

0.1 

60 

600 

80 

1 

77 

5 

22 

0.1 

60 

600 

80 

1 

84 

5 

23 

0.1 

60 

600 

80 

1 

83 

5 

24 

0.1 

60 

600 

80 

1 

79 

5 

25 

0.1 

60 

600 

80 

1 

85 

5 

26 

0.1 

120 

1200 

80 

1 

49 

6 

27 

H 

O 

120 

1200 

80 

1 

48 

6 

28 

0.1 

120 

1200 

80 

1 

42 

6 

29 

0.1 

120 

1200 

80 

1 

43 

6 

30 

0.1 

120 

1200 

80 

1 

48 

6 
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APPENDIX  E 


Ciirve-Fitting  Analysis  of  Generalized  Yoon  and  Nelson  Equation 


This  appendix  presents  the  results  of  Oakdale  Engineering’s  DataFit  software  analysis  of 
a  generalized  form  of  the  Yoon  and  Nelson  equation  for  each  of  the  nine  treatment 
combinations. 
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Table  E-1.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  50 
percent  relative  humidity  and  300  ppm  fuel  vapor  test  conditions,  using 
breatkthrough  times  at  1%,  5%,  10%,  and  20%  of  challenge  concentration. 


DataFit  version  7.0.36 

Results  from  project  "c:\program  filcs\datafit\50  percent  no  prior  exposure  -  300  ppm.dft*' 
Equation  TD:  Gcncraliyx^d  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
1‘2  =  X2  *  170  /  24.45  /  KKK)  /  (100)^3 
Y  =  b/l-’l  -  a/l'’l*ln((hl-l'2)/l‘2) 

Number  of  r>bserYations  =  18 

Number  of  missing  observations  =  0 

Solver  tv]pe:  Nonlinear 

Nonlinear  iteration  limit  =  250 

Divcig^ng  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  4 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -1.0Z318153949454E-12 

.Averag:  Residual  =  -5.684341 8860808E-14 

Residual  Sum  of  Squares  (Absf)lute)  =  1387.2^)05698173 

Residual  Sum  of  Squares  (Relative)  =  1387.22(K)5698173 

Standard  ICrror  of  the  b'stimate  =  9.311.35079144579 

Coefficient  of  Multiple  Determination  (R^2)  =  0.8644270526 

Proportion  of  Variance  1  Explained  =  86.44270526% 

■Adjusted  coefficient  rif  multiple  determination  (Ra'^2)  =  0.85595.37434 
Durbin-Watson  statistic  =  1.59014705060522 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

4.31E-05 

4.27E-06 

10.100.38 

0 

b 

0.000569 

1.19E-05 

47.74563 

0 

68%  Oinfidence  Intervals 

Variable 

Value 

68%  (+/-) 

la)wer  limit 

Upper  limit 

a 

4.31I';-()5 

4..381':-06 

3.871  <-05 

4.751 -:-05 

b 

0.(KK)569 

1.221':-05 

0.000557 

O.IKK)582 

90%  (xinfidcncc  Interv^als 

Variable 

Value 

90%  (+/-) 

LoW'Cr  Limit 

Upper  Limit 

a 

4.31E-05 

7.45E-06 

3.57E-05 

5.06E-05 

b 

0.000569 

2.08E-05 

0.000548 

0.00059 

95”  b  (Confidence  Intcrv-als 
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Variable 

Value 

95"'«  (+/-) 

Ix)\vcr  limit 

Upper  limit 

a 

4.31K-05 

9.05R-06 

3.41E-05 

5.22F.-05 

b 

a(KH)S69 

2.5.3 1'L-OS 

0.(X)0544 

0.(X)0595 

99% 

Omfidence  Intervals 

Variable 

Value 

990/<.  (+/-) 

I  x)wer  J  imit 

Upper  limit 

a 

4.31! ’-05 

1.25l':-05 

.3.061  <-05 

5.561  <:-05 

b 

0.00<)5ri9 

.3.4«F:-05 

().(X)05.34 

0.(K)0604 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Recession 

1 

8845.058 

8845.058 

102.0176 

0 

Error 

16 

1387.22 

86.70125 

Total 

17 

102.3Z28 
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Table  E-2.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  50 
percent  relative  humidity  and  600  ppm  fuel  vapor  test  conditions,  using 
breatkthrough  times  at  1%,  5%,  10%,  and  20%  of  challenge  concentration. 

DataFtt  version  7.0.36 

Results  from  project  "c:\program  filcs\datafit\50  percent  no  prior  exposure  -  600  ppm.dft" 

Equation  TD:  Generalised  Yoon  and  Nelson  equation 
Model  Definition: 

Ft  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
1*2  =  X2  *  170  /  24.45  /  KKK)  /  (100)^3 
Y  =  b/l'l  -  a/l'’l*ln((l'’l-l''2)/l*2) 

Number  t)f  observations  =  17 

Number  of  missing  observatitms  =  0 

Solver  U^e:  Nonlinear 

Nonlinear  iteration  limit  =  250 

Divci^ng  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  14 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -1.13463016759852E-08 

Average  Residual  =  -6.67429510352068E-10 

Residual  Sum  of  Squares  (Absolute)  =  1 92.41 4S0.3586751 

Residual  Sum  of  Squares  (Relative)  =  192.414803586751 

Standard  ICrror  of  the  l''stimare  =  3.581571.38312921 

Oxifficient  t)f  Multiple  Determinatifm  (K'^2)  =  0.9684462441 

Proportion  of  Variance  I  explained  =  96.84462441% 

.Adjusted  coefficient  ftf  multiple  determinaht)n  (Ra"^2)  =  0.9663426604 
Durbin-Watson  statistic  =  0.8813189.30486843 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

6.49E-05 

3.02E-06 

21.45645 

0 

b 

0.000602 

8.81E-06 

68.33282 

0 

68%  Omfidence  Inter^Tils 

Variable 

Value 

68%  (+/-) 

I  x)wer  I  imir 

Upper  limit 

a 

6.491  UlS 

3.111'C-06 

6.t81':-05 

6.80b:-05 

b 

0.0(M)602 

9.061 'C-06 

0.(KK)593 

(MKK)611 

90”  0  (Confidence  Intcrv-als 

Variable 

Value 

90”'o  (+/-) 

Lower  limit 

Upper  Limit 

a 

6.49E4)5 

5.30E-06 

5.96E-05 

7.02E-05 

b 

0.000602 

1.54E-05 

0.000587 

0.000617 

95”4  (Confidence  Intcrv-als 
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Variable 

Value 

95%  (+/-) 

T.o\vcr  limit 

Upper  limit 

a 

6.49E05 

6.45E-06 

5.85E-05 

7.13F.-05 

b 

0.0(K)6()2 

l.SHE-OS 

().(X)058.3 

0.(X)0621 

99”-'u  Omficience  lnter\'als 

Variable 

Value 

99®.'(.  (+/-) 

1  x>wer  1  imit 

Upper  limit 

a 

ri.49b:-()5 

8.911C-()6 

5.601 -:-05 

7..38l':-05 

b 

0.(KK)r)02 

2.601  C-OS 

0.(XK)576 

0.(XH)628 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

RegresJiion  1 

5905.585 

5905.585 

460.3792 

0 

Error 

15 

192.4148 

12.82765 

Total 

16 

6098 
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Table  E-3.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  50 
percent  relative  humidity  and  1200  ppm  fuel  vapor  test  conditions,  using 
breatkthrough  times  at  1%,  5%,  10%,  and  20%  of  challenge  concentration. 


DataFit  version  7.0.36 

Results  from  project  ”c:\prqgram  filcs\datafit\50  percent  no  prior  exposure  - 1200  ppm.dft;" 
F.quation  TD:  GcncraJizcd  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
1*2  =  X2  *  170  /  24.45  /  1(K)0  /  (100)^3 
Y  =  B/I*1  -  A/l*l*ln((M-!*2)/l*2) 

Number  of  obser\Tifions  =  20 

Number  of  missing  ohsen'ations  =  0 

Solver  type:  Nonlinear 

Nonfincar  iteration  Emit  =  250 

Divciging  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  7 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -1. 15463 194561 01 6E-11 

.Average  Residual  =  -5.77315972805081E  13 

Residual  Sum  of  Squares  (Absolute)  =  223.154776748051 

Residual  Sum  of  Squares  (Relative)  =  223.154776748051 

Standard  Error  of  the  l''stimate  =  3.521(K)661 702218 

Coefficient  of  Multiple  Determination  (R^2)  =  0.8592749319 

Proportion  of  Variance  1  explained  =  85.9274931 9^'() 

Adjusted  coefficient  of  multiple  determination  (Ra'^2)  =  0,8514568726 
Durbin-Watson  statistic  =  276760194875835 


Rt^rcssion  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

A 

5.82E-05 

5-55E4)6 

10.48375 

0 

n 

0.000602 

1.68E05 

35.88596 

0 

68®/o  Omfidence  Inter\'als 

Variable 

Value 

68*>/<>  (+/-) 

1  x)wer  1  imit 

Upper  limit 

A 

5.82E-05 

5.681  <-06 

5.251  <:-05 

6.391  <:-05 

B 

ommi 

1.721 ':-05 

0.000585 

0.(K)0619 

90%  (xjnfidcnce  Intcn-als 

Variable 

Value 

90*1^  (+/-) 

Lower  Limit 

Upper  limit 

A 

5.82E-05 

9.62E-06 

4.86E-05 

6.78E-05 

B 

0.000602 

2.91E-05 

0-000573 

0-000631 

95* -0  (x)nfidcncc  Intcn-als 
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Variable 

Value 

95%  (+/-) 

Tx>wcr  limit 

Upper  limit 

A 

5.82E-05 

1.17E-05 

4.65K-05 

6.98H^05 

B 

0.(K)()r)()2 

3.521  i-OS 

0.000567 

0.0006.37 

99?'a  Omfidence  Infemils 

Variable 

Value 

99®.  i.  (+/-) 

1  xjwer  1  imit 

Upper  limit 

A 

5.82b:-05 

l.ri()l<-()5 

4.221 -:-05 

7.421  <:-05 

B 

0.(KMHi02 

4.831':-05 

0.(KK)554 

0.0(K)65 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regression 

1 

1362.595 

1362.595 

109.909 

0 

Error 

18 

223.1548 

12.39749 

Total 

19 

1585.75 
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Table  E-4.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  300  ppm  fuel  vapor  test  condition  (no  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0.36 

Results  from  project  "c:\prcigram  filcs\clatafit\80  percent  no  prior  exposure  -  300  ppm.dft” 

F.ejuation  TD:  Generalised  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  h/\n  -  a/iq*ln((l‘l-h’2)/!*-2) 

Number  of  observations  =  19 

Number  of  missing  observations  =  0 

Solver  type:  Ntmlinear 

Nonlinear  iteration  Hmit  =  250 

Diver^ng  nonlinear  iteration  limit  =10 

Number  of  nonKnear  iterations  performed  =  4 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -2.1 71 4043896281 5E-09 

Average  Residual  =  -1.14284441 559376E40 

Residual  Sum  of  Squares  (.Absolute)  =  5496.29933898933 

Residual  Sum  of  Squares  (Relarive)  =  5496.29933898933 

Standard  b/rror  of  the  I 'Estimate  =  17.9808711085671 

Ojefficient  of  Multiple  Determination  (R^2)  =  0.8797671468 

Proportion  of  Variance  1  Explained  =  87.97671468®/<) 

Adjusted  coefficient  of  multiple  determination  (Ra^2)  =  0.872694626 
Durbin- WatSTjn  statistic  =  0.4348.36427052552 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

8.44E-05 

7.57E-06 

11.15313 

0 

b 

0.000502 

2.21E-05 

22.73556 

0 

68%  0)nfidence  Intervals 

Variable 

Value 

68%  (+/-) 

I  x)wer  1  imit 

Upper  limit 

a 

8.441  v-OS 

7.751  •:-()6 

7.671  <:-05 

9.221  <:-05 

h 

0.000502 

2.261  <-05 

().fX)0479 

0.000524 

90?'o  Owifidence  Intervals 

Variable 

Value 

90«/o  (+/-) 

Lovv'cr  Limit 

Upper  Limit 

a 

8.44E-05 

1..32E-05 

7.13E-05 

9.76E-05 

b 

0.000502 

3.84E-05 

0.000463 

0.00054 
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95”  o  Confidence  Intcn^als 


Variable 

Value 

95%(+/) 

Tower  limit 

Upper  limit 

a 

8.441  U)5 

1.601  C-OS 

6.841 ',-05 

0.(K)01 

h 

0.()f)()502 

4.661 ':-05 

0.000455 

0.(KK)548 

>  0)nfidence  lnfer\’a]s 

Variable 

V^alue 

99®  ;.  (+/-) 

J  r)wer  1  imit 

Upper  limit 

a 

8.441  i-OS 

2.191<-05 

6.251 ':-05 

0.(K)0106 

b 

0.000502 

6.40E-05 

0.000438 

0.000566 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regression 

1 

40217.49 

40217.49 

124.3923 

0 

Error 

17 

5496.299 

323.3117 

iofal 

18 

4571.^.79 
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Table  E-5.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  600  ppm  fuel  vapor  test  condition  (no  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0,36 

Results  from  project  "c:\program  filcs\datafit\80  percent  no  prior  exposure  -  600  ppm.dft” 

Equation  TD:  Gcnctali^icd  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  =  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  b/I-’l  -  a/I'’l*ln((l*l-l'’2)/l*2) 

Number  t)f  observatirms  =  18 

Number  of  missing  f)hsen'ations  =  0 

Solver  type:  Nonlinear 

Nonlinear  iteration  Hmit  =  250 

Divci^^  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  11 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -1.55638701 926364E-08 

Average  Residual  =  -8-64659455146466E-10 

Residual  Sum  of  Squares  (Absolute)  =  738. 104492986764 

Residual  Sum  of  Squares  (Relative)  =  738.104492986764 

Standard  Error  of  the  I  Estimate  =  6.79201964158473 

Coefficient  of  Multiple  Determination  (R'^2)  =  0.9037986976 

Proportion  of  Variance  1  Explained  =  90..37986976®/i> 

.Adjusted  coefficient  of  multiple  determination  (Ra^2)  =  0.8977861162 
Durhin-Watson  statistic  =  1.18454365168205 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

7.63E-05 

6.23E-06 

12.26042 

0 

b 

0.000555 

1.74E-05 

31.90643 

0 

68^  0  Oinfidence  Intervals 

Variable 

Value 

68%  (+/-) 

1  xiiwer  1  imit 

Upper  limit 

a 

7.631  <:-05 

6..39b:-06 

7.(K)l':-05 

8.27l'-05 

b 

0.(X)0555 

1.79E-05 

().(X)()537 

0.(XX)573 

90?^>  Omfidence  Intervals 

Variable 

Value 

90'!'o  (+/-) 

Lower  limit 

Upper  limit 

a 

7.6.3E-05 

1.09E-05 

6.55E-05 

8.72E-05 

b 

0.000555 

3.04E-05 

0.000525 

0.000585 
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95"  o  Confidence  Tntcn^als 


Variable 

Value 

95"/n  (+/-) 

IxjNver  T  jmit 

Upper  limit 

a 

7/i3i':-()5 

1..321‘:-05 

6..31 1:4)5 

8.961*4)5 

b 

0.(KK)555 

.5.691U)5 

0.(K)0518 

0.(K)0592 

Omfidence  InteiA’als 

Variable 

Value 

99"/(>  (+/-) 

Jxjwer  limit 

Upper  limit 

a 

7.ri31':-()5 

1.821 ':-05 

5.821:4)5 

9.451  •:4)5 

b 

0.000555 

5.08E-05 

0.000504 

0.000606 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regression 

1 

6954.396 

69.34.396 

150.3179 

0 

Error 

16 

7.38.1045 

46.13153 

lotal 

17 

7672-5 
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Table  E-6.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  1200  ppm  fuel  vapor  test  condition  (no  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0.36 

Results  ftxjm  project  ”c:\pfogram  files\datafit\80  percent  no  prior  exposure  - 1200  ppm.dft” 

Equation  TD;  Gcncrali'/cd  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  =  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  b/l*l  -  a/l<'l*ln((M-l<'2)/l‘2) 

Number  of  ribservaririns  =  20 

Number  of  missing  obser\^a firms  =  0 

Solver  type:  Nonlinear 

Nonlinear  iferafirin  Hmit  =  250 

Divci^ng  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  6 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -1 .47082346302341 E-1 2 

Averagp  Residual  =  -7.35411 73151 1704E- 14 

Residual  Sum  of  Squares  (Absolute)  =  231.645099858101 

Residual  Sum  t)f  Squares  (Relative)  =  231.645099858101 

Standard  ICrror  of  the  b'stimate  =  3.58736284955104 

Coefficient  of  Multiple  Determination  (R^2)  =  0.8545810604 

Pnjporrion  of  Variance  1  Explained  =  85.458 106043'« 

Adjusted  coefficient  of  multiple  determination  (Ra^2)  =  0.8465022304 
Dutbin-Watsrm  statistic  =  2.41665766459065 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

5.82E-05 

5.65E-06 

10.28496 

0 

b 

0.000558 

1.71E-05 

32.67887 

0 

683"o  Omfidence  Internals 

Variable 

Value 

(m*  (+/-) 

J  a>wer  1  jmit 

Upper  limit 

a 

5.82E-05 

5.781 ‘-06 

5.241 '-OS 

6.391 '-OS 

b 

0.000558 

1.751  *:-05 

0.000541 

0.(K)0576 

90%  Omfidence  Intervals 

Variable 

Value 

90%  (+/-) 

Lower  Limit 

Upper  limit 

a 

5.82E-05 

9.81E-06 

4.84E-05 

6.80E-05 

b 

0.(X)0558 

2.96E-05 

0.000529 

0.000588 
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95%  Confidence  Tntcn^als 


Variable 

Value 

95%  {+/-) 

Tx)\vcr  limit 

Upper  limit 

a 

5.821  < -05 

1.191':-05 

46.^1  <-05 

7.001 '-OS 

b 

0.(KK)558 

.5.59b:-05 

0.(X)0525 

0.000594 

99^0  Omftdence  Interv’als 

Variable 

Value 

99%  (+/-) 

I  x)wer  I  imir 

Upper  limit 

a 

5.821 ':-()5 

1.6.^! '-05 

4191 C-OS 

7.441 '-05 

b 

0.000558 

4.92E-05 

0.000509 

0.000608 

Variance  Analysis 

Scjurcc 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regression 

1 

l.'^61..'^05 

1.561.505 

105.780.5 

0 

Error 

18 

Z^l.6451 

12.86917 

'1*0  fal 

19 

1592.95 
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Table  E-7.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  300  ppm  fuel  vapor  test  condition  (with  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0.36 

Results  from  project  ”c:\progrAm  filcs\datafit\80  percent  prior  exposure  -  300  ppm.dft” 

Equation  TD:  Gcncrali>:cd  Yoon  and  Nelson  equation 
Model  Definition: 

FI  ^  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  =  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  b/F'l  -  a/l''l*ln((M-l''2)/l‘2) 

Number  of  r)bservati<ms  =  16 

Number  (jf  missing  obsen'ations  =  0 

Solver  type:  Nonlinear 

Nonlinear  iteration  limit  =  250 

Diver^ng  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  4 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -Z8421709430404E-13 

Average  Residual  =  -1.7763568394O025E-14 

Residual  Sum  of  Squares  (.Absolute)  =  3333.48803562005 

Residual  Sum  t)f  Squares  (Relative)  =  3333.48803562005 

Standard  lirrtirof  the  b'stimate  =  15.4.3069.30582711 

Coefficient  of  Multiple  Determinarirm  (R^2)  =  0.891362257 

Proprirtion  of  Variance  I  Explained  =  89.1.3622573« 

Adjusted  coefficient  of  multiple  determination  (Ra^2)  =  0.8836024182 
Durbin-Watson  statistic  =  0.844554067257592 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Prob(t) 

a 

0.000101 

9.47E-06 

10.71768 

0 

b 

0.000513 

2.35E-05 

21.87854 

0 

68%  Confidence  lnter\^s 

Variable 

Value 

68'>  ;>  (+/-) 

1  xmer  ]  imit 

Upper  limit 

a 

0.(K)0101 

9.76l':-06 

9.17IM)5 

0.(K)0111 

b 

0.(KK)513 

2.421  MIS 

().(X)0489 

().(K)0537 

90^/o  Omfidence  Inten^als 

Variable 

Value 

90%  (+/-) 

Lower  limit 

Upper  limit 

a 

0.000101 

1.67E-05 

8.48E-05 

0.000118 

b 

0.000513 

4.13E-05 

0.000472 

0.000554 
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95'!  ft  Confidence  Intervals 


Variable 

Value 

95‘>/o  (+/-) 

Tx)\vcr  limit 

Upper  limit 

a 

0.000101 

2.03 1U)5 

8.121<:-05 

0.(X)0122 

h 

0.(K)0513 

5.031M)5 

0.(X)0463 

0.(K)0563 

99%  Omfidence  Intervals 

Variable 

Value 

99%  (+/-) 

1  xiwer  1  imir 

1  Jpper  1  imit 

a 

0.000101 

2.821 -:-05 

7.33! '-05 

0.(K)013 

b 

0.000513 

6.98E-05 

0.000443 

0.000583 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

legfcssion  1 

27350.95 

27350.95 

114.8687 

0 

Error 

14 

3333.488 

Z38.1063 

'I'otal 

15 

30684.44 
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Table  E-8.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  600  ppm  fuel  vapor  test  condition  (with  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0.36 

Results  from  project  "c:\program  filcs\<iatafit\80  percent  prior  exposure  -  600  ppm.dft" 

Equation  TD:  Gencrali'xcd  Yoon  and  Nelson  equation 
Model  Definition: 

FI  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  =  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  b/l<’l  -  a/in*ln((I‘l-l'’2)/l‘'2) 

Number  of  obsers-ations  =  20 

Number  of  missing  obser^'ations  =  0 

Srilver  tvpe:  Nonlinear 

Nonlinear  iteration  limit  =  250 

Diver^ng  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  4 

Residual  tolerance  =  0.0000000001 

Sum  of  Rc.siduals  =  -1 .8657289047041 6E-09 

Average  Residual  =  -9.32864452.352078E-11 

Residual  Sum  of  Squares  (-Absolute)  =  847.992267415797 

Residual  Sum  of  Squares  (Relative)  =  847.992267415797 

Standard  lirrorof  the  I  Estimate  =  6,8637221.3329618 

Coefficient  of  Multiple  Determination  (R'^2)  =  0.9191633842 

Proportion  of  Variance  1  Explained  =  91.916.3.3842®/i> 

•Adjusted  c(x:fficient  of  multiple  determination  (Ra^2)  =  0.9146724611 
Durbin- Watson  statistic  =  0.995707032240142 


Recession  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratto 

Prob(t) 

a 

7.74E-05 

5.41E-06 

14.30634 

0 

b 

0.0005Z3 

i.6.3E-05 

31.97013 

0 

68^'«  Omfidence  Inref%^ls 

Variable 

Value 

cm*  (+/-) 

1  x)wer  1  imit 

Upper  1  imit 

a 

7.741 '-05 

5.531 ':-06 

7.191  <-05 

8.291  <-05 

b 

0.(K)0523 

1.671':-05 

0.(X)0506 

().(K)0539 

90%  Omfidence  Intert^als 

Variable 

Value 

90%  (+/-) 

Lower  Limit 

Upper  limit 

a 

7.74E-05 

9.38E-06 

6.80E-05 

8.68E-05 

b 

0.0005Z3 

2.83E-05 

0.000494 

0.000551 
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95‘!4  Confidence  Tnten^als 


Variable 

Value 

95%  (+/-) 

I>o\vcr  limit 

Upper  limit 

a 

7.741  C-05 

1.141':-05 

6.601 -:-05 

8.881 '4)5 

b 

().(K)()5Z1 

3.45b:-05 

0.{KK)488 

0.000557 

99?/o  0)nfidence  Inten^als 

Variable 

Value 

99‘>  'o  (+/-) 

1  xwer  I  imir 

Upper  limit 

a 

7.741  f-OS 

1.5fih:-05 

6.18!':-05 

9..'50l'4)5 

b 

0.000525 

4.71E-05 

0.000476 

0.00057 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regression 

1 

9642.208 

9642.208 

204.6714 

0 

Error 

18 

847.99Z5 

47.11068 

’i'oral 

19 

10490.2 
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Table  E-9.  Generalized  Yoon  and  Nelson  equation  curve  fit  results  for  80 
percent  relative  humidity  and  1200  ppm  fuel  vapor  test  condition  (with  prior 
exposure  to  fuel),  using  breatkthrough  times  at  1%,  5%,  10%,  and  20%  of 
challenge  concentration. 

DataFit  version  7.0.36 

Results  from  project  "c:\progrdm  filcs\datafit\80  percent  prior  exposure  -  1200.dft" 

Equation  TD:  Generalised  Yoon  and  Nelson  equation 
Model  Definition: 

Ft  =  XI  *  170  /  24.45  /  1000  /  (100)^3 
F2  =  X2  *  170  /  24.45  /  1000  /  (100)^3 
Y  =  b/1‘1  -  a/l*1*In((l‘l-l'2)/l'2) 

Number  of  observations  =  16 

Number  missing  obseiv^ations  =  0 

Stilver  type:  Nonlinear 

Nonlinear  iteration  Kmit  =  250 

Diveig^  nonlinear  iteration  limit  =10 

Number  of  nonlinear  iterations  performed  =  8 

Residual  tolerance  =  0.0000000001 

Sum  of  Residuals  =  -2.42259545757406E^10 

Average  Residual  =  -1.51412216098379E-11 

Residual  Sum  of  Squares  (Absolute)  =  225.882994810731 

Residual  Sum  ofSquare.s  (Relaffve)  =  225.882994810731 

Standard  1 ''rTr)r  of  the  l‘*stimate  =  4.01677726907255 

Giefficient  of  Multiple  Determination  (R^2)  =  0.7708516411 

Proportion  of  Variance  ICxplained  =  77.0851641  l?/i) 

Adjusted  coefficient  of  multiple  determination  (Ra^2)  =  0.7544839012 
Durbin-Watson  statistic  =  1.29520996311729 


Regression  Variable  Results 

Variable 

Value 

Standard  Error 

t-ratio 

Frob(t) 

a 

6.76E-05 

9.86E-06 

6.862637 

0.00001 

b 

0.000538 

2.44E-05 

22.03342 

0 

68%  Omfidence  Intervals 

Variable 

Value 

68?  0  (+/-) 

1  x)wer  I  imit 

Upper  limit 

a 

6.761  *05 

1.02l':-05 

5.751* -05 

7.781 -:-05 

b 

0.(KK)538 

2.521 ':4)5 

0.(X)0513 

0.(KK)563 

90?  0  Omfidence  Intervals 

Variable 

Value 

90%  (+/-) 

Lower  limit 

Upper  linoit 

a 

6.76E-05 

1.74E-05 

5.03E-05 

8.50E-05 

b 

0.000538 

4..30E-05 

0.000495 

0.000581 
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95“4  Confidence  Tntcr\'als 


Variable 

Value 

95‘'4  (+/-) 

Tower  lamit 

Upper  Ijmtt 

a 

fiJfilUlS 

Zlll'-OS 

4.651  <-05 

8.881  <:-05 

b 

0.000538 

5.241  <:-05 

0.(X)04«6 

0.(K)059 

99<!/o 

Omfidence  Intervals 

Variable 

Value 

99%  (+/-) 

1  jower  1  jmit 

Upper  limit 

a 

6.761  U)5 

2.931»:-05 

3.831 '-05 

9.701 '-05 

b 

0.000538 

7.27E-05 

0.000465 

0.000611 

Variance  Analysis 

Source 

DF 

Sum  of  Squares 

Mean  Square 

F  Ratio 

Prob(F) 

Regeesrion 

1 

759.867 

759.867 

47.09579 

l.OOE-05 

Ector 

14 

225.883 

16.1.345 

'lotal 

15 

985.75 
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